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Protein arginine methyltransferase 5 (PRMT5) is the main enzyme responsible for the symmetrical dimethylation of arginine
residues on target proteins in both the cytoplasm and the nucleus. Though its activity has been associated with tumor
progression in various cancers, the expression pattern of this oncoprotein has been scarcely studied in breast cancer. In the
current work, we analyzed its expression in a large cohort of breast cancer patients, revealing higher nuclear PRMT5 levels in
ERa-positive tumors and an association with prolonged disease free and overall survival. Interestingly, high PRMT5 nuclear
expression was also associated with higher nuclear liver kinase B1 (LKB1), suggesting that a functional relationship may occur.
Consistently, several approaches provided evidence that PRMT5 and LKB1 interact directly in the cytoplasm of mammary
epithelial cells. Moreover, although PRMT5 is not able to methylate LKB1, we found that PRMT5 is a bona fade substrate for
LKB1. We identified T132, 139 and 144 residues, located in the TIM-Barrel domain of PRMTS5, as target sites for LKB1
phosphorylation. The point mutation of PRMT5 T139/144 to A139/144 drastically decreased its methyltransferase activity, due
probably to the loss of its interaction with regulatory proteins such as MEP50, pICln and RiOK1. In addition, modulation of
LKB1 expression modified PRMT5 activity, highlighting a new regulatory mechanism that could have clinical implications.
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Introduction

Arginine methylation is a frequent post-translational modifi-
cation that affects protein behavior. To date, nine protein argi-
nine methyltransferases (PRMTs) have been identified in
mammals (PRMT1-9). They are divided into three subtypes
according to their enzymatic activities. Type I PRMTs catalyze

w—-N°monomethylarginine (MMA) and w-N® N©

asymmetric dimethylarginine (ADMA), type II catalyze MMA
and w—N°, N symmetric dimethylarginine (SDMA), while
types III can only generate MMA.' PRMTS5 is the major type 1T
methyltransferase responsible for depositing the SDMA mark
within proteins.” PRMTS5 was first identified as the Jak-binding
protein 1,> and shown to methylate many proteins including
histones.* R2 of Histone H3 methylation (H3R2me2s) has
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What’s new?

LKB1 regulates PRMT5

The arginine methyltransferase PRMT5 is associated with tumor progression in various cancers; however, its expression in
breast cancer remains understudied. Here, the authors found that, as in prostate cancer, PRMT5 nuclear localization may have
protective effects. Indeed, its expression is associated with higher patient survival. In addition, two threonine residues
essential to PRMT5 enzymatic activity were identified. Interestingly, the tumor suppressor LKB1 a master kinase that regulates
cell polarity, energy metabolism, and mTOR signaling phosphorylates PRMT5 on these residues, thereby decreasing the
methyltransferase activity of PRMT5. These results highlight new opportunities to measure and target PRMT5 activity in breast

cancer.

been correlated with transcriptional activation,™® while
H4R3me2s and H3R8me2s repress transcription.” In addition,
PRMTS5 regulates transcription through methylation of tran-
scription factors such as NF-kB,® p53° and E2F-1."° PRMTS5
can also methylate cytoplasmic proteins such as Sm proteins
involved in the splicing of mRNA."!

Of note, dysregulations in PRMT5 expression and protein
mutations have been described in a variety of cancers.*'* In epi-
thelial ovarian cancer and non-small cell lung cancer, elevated
PRMTS5 is strongly correlated with poor survival rates.'>'* More-
over, PRMT5 overexpression causes an increase in proliferation
and anchorage-independent growth”' and triggers the forma-
tion of tumors in nude mice.'”” PRMT5 knockdown reduces cel-
lular proliferation in breast and lung cancer cells.””">'®
Furthermore, in lung cancer, PRMT5 mediates a transcriptional
increase in genes regulating cell adhesion, morphology and inva-
sion, all essential for the TGEP response and cancer metastasis.”
At the level of breast cancer, the area of expertise of our labora-
tory, few studies have been conducted on the prognostic value of
PRMTS5, through its expression has been correlated with poor
patient outcome.'>" Tts expression in breast cancer stem cells
(BCSCs) is crucial for maintaining stemness,'® and we speculate
that a better understanding of its mechanisms of regulation
either downstream (substrate identification) or upstream (regula-
tors/interactors) may improve its therapeutic targeting.

At the molecular level, a majority of PRMT5 complexes
contain MEP50, a 7-bladed WD40 repeat (tryptophan, aspar-
tic acid) p-propeller protein. MEP50 binds PRMTS5 directly
and enhances its enzymatic activity, increasing its affinity for
protein substrates.'”*° The interaction of PRMTS5 with various
partners, including pICln and the kinase RiOKI, is important
to regulate its catalytic activity. These partners bind PRMT5
in a mutually exclusive manner to control substrate specific-
ity.?! Menin, a protein found in MLL complexes, which tar-
gets histone H3K4 trimethylation, also binds to PRMT5 and
targets a specific promoter of H4R3me2s.>> Post-translational
modifications (PTMs) on PRMT5 or MEP50 can also modu-
late the methyltransferase activity. Jak2 phosphorylates
PRMTS5 on Tyr304 which impairs its ability to methylate his-
tones H2A or H4 on Arg3.*>** Conversely, phosphorylation
of MEP50 on Thr5 increases the methyltransferase activity of
PRMT5-MEP50 toward histone H4.*> In BCSCs, PRMT5 was
reported to interact with FOXP1, and authors speculated that
the interaction could be targeted using small inhibitor

molecules.'® This was recently applied in mantle cell lym-
phoma, in which a selective PRMT5 inhibitor was generated
offering a promising therapeutic strategy.*

Here, based on the analysis of a large cohort of patients with
breast tumors, we identified a new PRMT5 interactor, the liver
kinase B1 protein (LKB1), a master kinase that acts as a key regu-
lator of cell polarity, energy metabolism and mTOR signaling.*” >’
Our results revealed that LKBI is able to phosphorylate PRMT5
thereby modulating its enzymatic activity. We also investigated
the molecular mechanisms involved, highlighting a novel way of
regulating PRMT5 activity in breast cancer.

Materials and Methods

Cell culture and transfections

All of the cell lines were maintained at 37 °C in the appropriate
medium supplemented with 10% fetal bovine serum and 2%
Penicillin/Streptomycin. For knockdown experiments, PRMT5-,
LKB1- and MEP50-specific siRNAs or the scramble siRNA
(Eurogentec) (50 nM) were transfected into MCF-7 cells using
the lipofectamine 2000 reagent (Invitrogen). The targeted
sequences are given in the supplemental data Table 1. 72 h after
transfection, proteins were analyzed. For overexpression experi-
ments, pcDNA3.1 V5-tagged vectors and pSG5 Flag-tagged vec-
tors were transfected using the XtremeGENE reagent (Roche).
Forty eight hours after transfection, cells were analyzed.

Antibodies
All antibodies are listed in the supporting information
Table S2.

Glutathione transferase pull-down assay

LKB1 expression plasmid was transcribed and translated
in vitro using T7-coupled reticulocyte lysate in the presence of
[?°S] methionine. The different domains of PRMT5 (D1 to
D4, and Dla and D1b, primers are listed in the Supporting
Information Table S3) were cloned into the pGex4T1 vector.
The experiment was then performed as previously described.*

Immunoprecipitation and western blotting

Cells were lysed using RIPA buffer (50 mM Tris HCI, pH 8,
150 mM NaCl, 1 mM EDTA, 1% NP-40 and 0.25% deoxycho-
late) supplemented with protease inhibitor tablets (Roche
Molecular Biochemicals) and phosphatase inhibitors (1 mM
NaF, 1 mM Na3;VO, and 1 mM beta-glycerophosphate). Protein
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Table 1. Correlation between Nuclear PRMT5 expression and the clinicopathologic factors of breast cancer
Nucl PRMT5 low Nucl PRMT5 high
No. (%) No. (%)

Variable 141 (36.2) 249 (63.8) p'

Age (Yr) Mean (& SD) 57.1 (£13.6) 59.7 (£11.8) 0.052

Age groups <50y 45 (31.9) 57 (22.9) 0.05
>50y 96 (68.1) 192 (77.1)

BMI <25 81 (58.7) 153 (64.3) 0.281
» 25 57 (41.3) 85 (35.7)

T. size <2cm 65 (46.1) 155 (62.2) 0.002
»2cm 76 (53.9) 94 (37.8)

LN invasion No 64 (45.4) 99 (39.8) 0.28
Yes 77 (54.6) 150 (60.2)

SBR grade Gr1 19 (13.5) 53 (21.3) <0.001
Gr2 46 (35.6) 136 (54.6)
Gr3 76 (53.9) 60 (24.1)

ERx status Negative 40 (28.4) 10 (4.0) <0.001
Positive 101 (71.6) 239 (96.0)

PR status Negative 53 (37.6) 46 (18.5) <0.001
Positive 88 (62.4) 203 (81.5)

Her 2 status Negative 71 (89.9) 132 (93.0) 0.42
Over-expressed 8 (10.1) 10 (7.0)

Correlation by Pearson’s Chi square test unless otherwise specified.
2Difference between means by Student’s T test.
Significant correlation at 5% level are highlighted in bold characters.

extracts were incubated with primary antibodies overnight at
4 °C on a shaker. Protein G or A-Agarose beads were added and
the mixture was incubated 2 h at 4 °C. The immunoprecipitated
proteins were separated on SDS-PAGE and visualized by ECL.

Proximity ligation assay

This technology enables investigators to visualize protein/protein
interactions in situ.’" Briefly, cells were seeded on coverslips and
fixed with cold methanol. After saturation, the couples of primary
antibodies were incubated for 1 h at 37 °C. The PLA probes con-
sisting of secondary antibodies conjugated with complementary
oligonucleotides, were incubated for 1 h at 37 °C. After ligation
of nucleotides, the amplification lasted 100 min at 37 °C. Samples
were then analyzed under fluorescence microscopy. For tumors
analysis, we used a bright field kit as previously described.*

Human breast cancer sample collection

The tumors from 433 consecutive patients with invasive breast
cancer, the clinical and biological data of whom were available
from the regularly updated institutional database, were ana-
lyzed. Written informed consent was obtained from each
patient. The study protocol was approved by the institutional
ethics committee. Patients’ characteristics are presented in the
Supporting Information Table S4.

Immunohistochemistry staining

Formalin-fixed paraffin embedded tumor tissues were used for
analysis. The pathologist selected representative areas from breast
invasive carcinomas. Triplicates from each tumor were inserted
into TMA blocks, each containing 40 tumors. After

deparaffinization and rehydration, tissue sections were boiled in
10 mM citrate buffer pH 8.0 at 95 °C for 40 min. The slides
were then incubated in 5% hydrogen peroxide in sterile water to
block the activity of endogenous peroxidases, then at 37 °C for
1 h with the anti-LKB1 or the anti-PRMT5 antibody. The slides
were subsequently incubated with a biotinylated secondary anti-
body bound to a streptavidin peroxidase conjugate (Envision
Flex kit Ref: K800021-2, Dako). Bound antibodies were visual-
ized by adding the substrate 3,3-diamino benzidine. Sections
were counterstained with hematoxylin.

Blinded to the clinical data, PRMT5 expression was evaluated by
2 observers who assessed both the percentage and the intensity of
nuclear and cytoplasmic staining separately. For scoring purposes,
the intensity of staining in malignant cells was divided into 4 groups
of levels (0: no staining, 1: weak staining, 2: moderate staining and 3:
strong staining) and the percentage of stained cells were reported
separately. Then, both intensity and percentage scores were multi-
plied to obtain a single H score. The most significant cutoff in terms
of Disease-Free Survival (DFS) and Overall Survival (OS) was
defined (H score of 70). The entire cohort of patients was divided
into high nuclear PRMT5-expressing patients (> 70) and low nuclear
PRMT5-expressing patients (< 70). During tissue preparation and
staining, only 390 patients were evaluable for nuclear PRMT5
expression. Accordingly, 141 patients (36?2%) had low nuclear
PRMTS5 expression and 249 patients (63.8%) had high expression.

Image acquisition and analysis

The hybridized fluorescent slides were viewed under a Nikon
Eclipse Ni microscope. Images were acquired under identical
conditions at 60X magnification. Image acquisition was
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Figure 1. The expression of PRMT5 in breast tumors. (@) PRMT5 expression was analyzed by IHC on formalin-fixed human tumors.
Representative images of different IHC staining profiles are shown (panels a and b: cytoplasmic staining, panels ¢ and d: cytoplasmic and
nuclear staining) (Obj: X40). (b) Kaplan—Meier estimates of overall survival (0S) (left) and disease-free survival (DFS) (right) in patients with
low (blue) versus high (green) nuclear PRMT5 expression. (c) Kaplan—Meier estimates of DFS in patients with low (blue) versus high (green)
nuclear LKB1 expression in 2 groups of patients according to PRMT5 expression. [Color figure can be viewed at wileyonlinelibrary.com]
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Table 2. Correlation between Nuclear PRMT5 expression and the different biomarkers studied by IHC
Nucl PRMT5 low Nucl PRMT5 high
No. (%) No. (%)

Variable 141 (36.2) 249 (63.8) p'

Nucl. pAKT Low (<50) 87 (64.9) 95 (39.7) <0.001
High (>50) 47 (35.1) 144 (60.3)

Cytopl. pAKT Low (<100) 120 (88.9) 189 (78.8) 0.013
High (>100) 15 (11.1) 51 (21.2)

Nucl. LKB1 Low (=0) 77 (57.0) 110 (46.2) 0.045
High (>0) 58 (43.0) 128 (53.8)

Cytopl. LKB1 Low (<140) 79 (58.5) 150 (62.5) 0.448
High (>140) 56 (41.5) 90 (37.5)

P4E-BP1 Low (<50) 66 (48.9) 130 (53.7) 0.368
High(>50) 69 (51.1) 112 (46.3)

P85-pS6K Low (<90) 94 (66.7) 174 (71.9) 0.281
High (>90) 47 (33.3) 68 (28.1)

PS6-RP Low (<100) 105 (77.2) 178 (73.6) 0.432
High (>100) 31 (22.8) 64 (26.4)

Menin Low (<100) 65 (50.4) 84 (38.0) 0.024
High (>100) 64 (49.6) 137 (62.0)

Cytopl IGF1-R Low (<100) 81 (60.4) 109 (45.0) 0.004
High (>100) 53 (39.6) 133 (55.0)

Correlation by Pearson’s Chi square test.
Significant correlation at 5% level are highlighted in bold characters.

performed by imaging DAPI staining at a fixed Z Position
while a Z stack of £5 pm at 1 pm intervals was carried out.
The final image was stacked to a single level before further
quantification. On each sample, at least one hundred cells were
counted. Analyses and quantifications of these samples were
performed using the Image ] software (free access). PLA dots
were quantified on 8-bit images using the ‘Analyze Particles’
command, while cell numbers were obtained using the cell
counter plugin.

IHC images were acquired using a Nikon Eclipse Ni micro-
scope at 40X magnification and PLA dots were quantified as
described above.

In vitro methylation assay

Immunoprecipitated V5-PRMT5 or endogenous PRMT5 were
incubated with different GST-tagged LKB1 fragments or GST-
SmD3 in the presence of S-adenosyl-L [methyl->’H] methionine
([*H] SAM 85 Ci/mmol from a 10.4 pM stock solution in dilute
HCl/ethanol 9/1 [pH 2.0-2.5]; Perkin Elmer) for 90 min at
30 °C. Methylation reactions were quenched by adding 10 pl of
2x Laemmli sample buffer, heated at 95 °C for 5 min, and sepa-
rated by SDS-PAGE. Gels were then soaked in Amplify reagent
(GE Healthcare) and visualized by autoradiography.

In vitro phosphorylation assay

The assays were performed by incubating 50 ng of LKB1/
STRADa/MO25a active complex (Merck) in the presence of
adenosine 5'-triphosphate, [Y-**PATP] (3,000 Ci/mmol)
(Perkin Elmer) and 2.5 pg of GST-PRMT5 fragments for
30 min at 30 °C. Phosphorylation reactions were quenched by

Laemmli sample buffer, separated by SDS-PAGE and visual-
ized by autoradiography.

Statistical analysis

Descriptive analysis. Correlations between PRMT5 expres-
sion and clinical and biomarker parameters (including LKB1)
were conducted using Fisher’s exact test.

Survival analysis. OS defined as time from diagnosis to
death or date of last follow-up and DFS defined as time from
diagnosis to death or relapse or date of last follow-up (for cen-
sored patients) were studied. Survival distributions were esti-
mated using the Kaplan-Meier method and compared
between groups according to the level of expression of the
markers using the Log-Rank test. Hazard ratios for relapse or
death were estimated using the cox regression model. Statisti-
cal analyses were carried out using the SPSS v20.0 software
(IBN, USA). A statistically significant interaction was consid-
ered if the alpha error was less than 5%.

Results

Patient characteristics

Among the TMA of 440 patients, only 390 cases were assessable
for PRMTS5 expression (with countable percentage of malignant
cells and intensity of expression). Median age was 58.1 years
(range from 25.7 to 91 years). Three hundred and twenty
patients were older than 50 years (73.9%) and 71.5% were post-
menopausal. Tumors were larger than 2 cm in 181 patients
(41.8%) and had positive axillary lymph nodes (LNs) in
249 patients (57.5%). Eighty two patients (18.9%) had SBR
grade I tumors, 207 (47.8%) grade II and 144 (33.3%) grade IIL
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Figure 2. PRMTS interacts with LKB1 in vitro. (a) A radioactive GST pull-down assay was performed by incubating labeled in vitro 3*S-labeled LKB1
(LKB1#) with GST, GST-MEP50 and GST-PRMT5. The corresponding Coomassie-stained gel is shown in the right panel. * indicates the full length
fusion proteins. (b) PRMT5 was divided into 4 fragments (D1 to D4). The D1 and D2 fragments cover the TIM-Barrel domain. The D3 fragment
corresponds to the Middle-Rossman-fold domain and the D4 fragment contains the dimerization domain. (c) Radioactive LKB1 (LKB1#) was
incubated with the different domains of PRMT5 fused to GST and the bound proteins were visualized by autoradiography. The corresponding
Coomassie-stained gel is shown in the right panel. # indicates the full length fusion proteins. [Color figure can be viewed at wileyonlinelibrary.com]

Estrogen receptor (ERa) was positive in 377 patients (87.1%),
and HER2 was over-expressed in 31 patients (7.2%).

Prognostic value of PRMTS5 in breast cancer

Regarding the immunohistochemical (IHC) analysis of PRMTS5,
all of the tumors displayed diffuse cytoplasmic PRMT5 expres-
sion. However, only 249 tumors (63.8%) had a high nuclear
localization (Fig. la, compare panels a and b for cytoplasmic
staining and panels ¢ and d for cytoplasmic and nuclear stain-
ing), while 141 (36,6%) had low or no nuclear expression. Higher
nuclear PRMT5 expression was associated with older patients
(p = 0.05), smaller tumors (p = 0.002) low SBR grade (p < 0.001),
and with higher ERa (p < 0.001) and PR positivity (p < 0.001)
(Table 1). Regarding the correlations with the PI3K/Akt/mTOR

pathway biomarkers studied, we found that higher nuclear
PRMTS5 levels were correlated with high pAkt expression both in
the nucleus and the cytoplasm, as well as with high nuclear
LKB1 levels. Table 2 shows the correlations between nuclear
PRMTS5 expression and the other studied biomarkers by IHC.
Regarding patient outcome based on univariate analyses, high
nuclear PRMT5 levels were significantly associated with longer
OS (HR = 0.63; 95% CI: 0.40-0.97, p = 0.034) and longer DFS
((HR = 0.53; 95% CI: 0.37-0.77, p = 0.001; Fig. 1b). In the multi-
variate analysis, and after adjustment for age (older or younger
than 50), tumor size (larger or smaller than 20 mm), axillary LN
invasion, SBR grade (grade 3 versus 1 and 2), ERa and PR status,
PRMTS5 expression remained a statistically significant predictor
of breast cancer recurrence (HR = 0.64; 95% CI: 0.43-0.94,
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Figure 3. PRMT5 interacts with LKB1 in cellulo. (a) Expression of PRMT5, MEP50 and LKB1 was evaluated in a wide range of human breast tumor cell
lines by Western blot using the corresponding antibodies. GAPDH expression was used as a loading control. (b) The PRMT5-LKB1 interaction was
assessed by co-immunoprecipitation in MCF-7 cell extracts using an anti-PRMT5 antibody. A rabbit irrelevant antibody was used as a negative control.
The presence of PRMT5 and LKB1 was evaluated by Western blot analysis. () Detection of LKB1 interaction with PRMT5 and MEP50 was performed by
Proximity Ligation Assay (PLA). MCF-7 cells were transfected with Scramble siRNA or siRNA targeting LKB1, PRMT5 or MEP50 for 48 h. After fixation,
PLA experiments were performed to evaluate the interactions between LKB1/PRMT5 and LKB1/MEP50 using LKB1-, PRMT5- and MEP50-specific
antibodies. The detected dimers are represented by red dots. The nuclei were counterstained with mounting medium containing DAPI (blue) (Obj:
X60). (d) Quantification of the number of dots per cell was performed by computer-assisted analysis as reported in the Materials and Methods
section. The mean =+ s.e.m. of one experiment representative of three experiments is shown. The P-value was determined using the Student’s t-test.
*## indicates a p < 0.001. (e) The efficacy of protein inhibition was verified by Western blot analysis using the corresponding antibodies. [Color figure
can be viewed at wileyonlinelibrary.com]
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p = 0.023). It is worth mentioning that only tumor size and SBR
grade were retained as independent prognostic factors in the
multivariate model.

Given the correlation between high nuclear LKB1 levels
and a longer survival in a previous cohort,”® we evaluated its
prognostic value in this cohort. We consistently observed a
significantly longer DFS (p = 0.006) in patients with higher
nuclear LKB1 profiles (Supporting information Fig. S1).

(a) (b)

LKB1 regulates PRMT5

Interestingly, positive LKB1 prognosis was restricted to
tumors with higher levels of nuclear PRMT5 (p = 0.005,
Fig. 1c, right panel compare with left panel), suggesting a
functional link between both proteins.

LKB1 is a new partner for PRMT5
To evaluate whether these proteins interacted directly, we ini-
tially conducted a GST pull-down experiment. We found that
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radioactive LKBI1 specifically interacts with PRMT5 and its
partner MEP50, but not with the GST (Fig. 2a). By separating
the PRMTS5 protein into 4 fragments (Fig. 2b), we further iden-
tified the D3 fragment, containing the Middle-Rossman-fold
domain, as the main site of interaction, although PRMT5 could
also bind to a lesser extent to the other domains (Fig. 2c).

In cellulo, we investigated the interaction of LKB1 with
PRMTS5 and its coregulatory MEP50 in several breast cancer cell
lines. We first investigated their expression and Figure 3a shows
that the levels of the 3 proteins were independent of the presence
of ERa and their expression profiles were quite similar. For sub-
sequent experiments, we focused on MCEF-7 cells, since they nat-
urally present high levels of the 3 proteins. Based on
immunoprecipitation (IP) assays, we found that LKB1 interacts
specifically with endogenous PRMT5 (Fig. 3b). Moreover, we
examined to what extent and in which compartment these inter-
actions occurred in the cells. Using different antibody pairs, we
studied the interaction of LKB1 with PRMT5 and MEP50 using
the proximity ligation assay (PLA). The images obtained revealed
red dots in the cytoplasm of MCF-7 cells, illustrating the interac-
tion of LKB1 with PRMTS5 (Fig. 3¢, panel a) and MEP50 (Fig. 3¢,
panel d), which were further quantified (Fig. 3d). The signals
strongly decreased in MCF-7 cells after the downregulation of
PRMTS5 (Fig. 3¢, panel b), MEP50 (Fig. 3¢, panel e) and LKB1
(Fig. 3¢, panels c and f) by siRNA transfection (Figs. 3d and 3e).
These cytoplasmic interactions were confirmed in other breast
cancer cell lines, supporting our theory of a functional link
between these proteins (Supporting information Fig. S2).

PRMT5 is phosphorylated by LKB1

To unravel the mechanism of interaction between PRMT5
and LKBI, we performed an in vitro methylation experi-
ment and found that LKB1 was not methylated by PRMT5
(Supporting information Fig. S3), and thus did not serve as
a substrate for the latter. We then investigated whether
LKB1 could phosphorylate PRMTS5. For in vitro phosphory-
lation experiments, purified GST-PRMT5 fragments D1 to
D4 (described in Fig. 2b) were incubated with the active
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LKB1 complex. The D1 fragment, the only one phosphory-
lated by LKBI1 (Fig. 4a), was then further divided into two
parts (D1a and D1b, Fig. 4b), and residues on the D1b frag-
ment were identified as phosphorylation targets. Next, since
LKBL1 is a Serine/Threonine kinase, we used antibodies rec-
ognizing pan phospho-Serine or -Threonine, and found that
LKB1 phosphorylates PRMT5 mainly on Thr residues
(Fig. 4c). Furthermore, the point-mutations of T132, T139
and T144 to A132, A139 and Al44, respectively, strongly
decreased PRMT5 phosphorylation, with the T144A muta-
tion having the strongest effect (Fig. 4d). Based on the 3D
structure of PRMTS5, we found that the three threonine resi-
dues are close to the dimer interface (Fig. 4e), and won-
dered whether they are involved in its dimerization. After
transfection of V5-tagged wild type or mutant (T144A,
T132A/144A or T139A/144A) PRMTS5 into MCF-7 cells, we
immunoprecipitated V5-PRMT5 and observed the presence
of endogenous PRMTS5. Furthermore, neither its dimerizing
capacity nor its cellular localization were affected by these
point-mutations (Fig. 4f and supporting information
Fig. S4). Next, to assess the effect of the mutations on its
enzymatic activity, we immunoprecipitated V5-tagged wild
type or mutant (T132A, T139A, T144A, T132A/144A and
T139A/144A) PRMT5 from HeLa cells, and incubated the
immunoprecipitates with [’H] ~S-adenosylmethionine and
recombinant GST-SmD3, a known PRMTS5 substrate. Although
individual mutations had no effect on the enzymatic activity of
PRMTS5, the T139A/144A mutant resulted in a complete loss of
methyltransferase activity (Fig. 5a). We obtained the same
result using histone H4 as a substrate (Supporting information
Fig. S5). To characterize this lack of activity, we conducted co-
immunoprecipitation experiments and determined that the
double mutant T139A/144A impaired the binding of PRMT5
to its coactivator MEP50 (Fig. 5b). In addition, the PRMT5
mutant lost its ability to bind to pICln and RiOK1, two part-
ners involved in the recognition of substrates by PRMT5. Inter-
estingly, the double PRMT5 mutant was further unable to bind
to LKB1. In cellulo transfected V5-PRMT5 was recognized by

Figure 4. LKB1 phosphorylates PRMT5 on threonine residues. (a) An in vitro phosphorylation experiment was performed by incubating active
LKB1 complex with [?2Py] ATP and D1 to D4 PRMT5 fragments fused to GST. The phosphorylated proteins were visualized by autoradiography
(upper panel). The corresponding Coomassie-stained gel is shown in the lower panel. * indicates the full length fusion proteins. (b) The
PRMT5 D1 domain was divided into two parts, D1a and D1b, which were used to perform an in vitro kinase assay as described in a (left
panel). The corresponding Coomassie-stained gel is shown in the right panel. * indicates the full length fusion proteins. (c) Cold in vitro
phosphorylation experiments were performed by incubating active LKB1 complex with D1a, D1b and D1 PRMT5 fragments fused to GST in the
absence or the presence of ATP. The phosphorylated proteins were verified by Western blot analysis using a pan phospho-Thr antibody
(upper panel). The corresponding Coomassie-stained gel is shown in the lower panel. * indicates the full length fusion proteins. (d)

Sequence of the PRMT5 D1b containing the potential sites for LKB1 phosphorylation. T132, 139 and 144, are highlighted in yellow. GST-D1b
wild type or T/A mutants were used as substrates for radioactive LKB1 phosphorylation (left panel). The corresponding Coomassie-stained gel
is shown in the right panel. * indicates the full length fusion proteins. (e) Structure of human PRMT5/MEP50 heterodimer. The N-terminal of
each monomer, containing the TIM-Barrel domain, is represented in yellow and its C-terminal domain in green. The 3 mutated threonines are
in the spacefill at the dimer interface. The protein represented in blue is MEP50. (Based on PDB 5fa5 from>® and represented with the PyMOL
molecular graphics system, version 2.0, Schrédinger, LLC). (f) MCF-7 cells were transfected with pcDNA3.1 V5-PRMT5 WT and mutants for

48 h. Cell lysates analyzed for V5-PRMT5 expression with an anti-V5 antibody. Then, V5-PRMT5 was immunoprecipitated using an anti-V5
antibody and revealed by Western blot with the anti-V5 and anti-PRMT5 antibodies. [Color figure can be viewed at wileyonlinelibrary.com]
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the pan phospho-Thr antibody whereas the signal was strongly ~ This resulted in a decreased PRMT5 activity, which
decreased in the presence of the mutant T139A/144A PRMT5 remained unaffected in the presence of the catalytically inac-
(Fig. 5¢), highlighting that these residues are phosphorylated in  tive K78A LKB1 mutant (Supporting Information Fig. S6a).
a cellular context. Conversely, the knock down of LKB1 in MCF-7 cells slightly

Having shown that LKB1 phosphorylates T139 and T144 increased its activity (Supporting information Fig. S6b
residues, we overexpressed wild type LKB1 in MCF-7 cells. and c).
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Discussion

The expression of arginine methyltransferases is associated
with various cancers, suggesting that they could constitute
new therapeutic targets. However, in the case of breast cancer
few studies were available on PRMTs and on their correlation
with patient survival. In our study, using a large cohort of
breast cancer patients, we analyzed the expression of PRMT5
alongside patient outcome and various prognostic markers,
and identified a novel partner of PRMT5. Indeed, the Ser/Thr
liver kinase B1 LKB1 was able to modulate its methyltransfer-
ase activity via phosphorylation.

We confirmed the dual localization of PRMT5 in the cyto-
plasm as well as in the nucleus of tumor cells (Fig. 1a), corrobo-
rating data obtained in testicular, breast and prostate cancers.”>*
Interestingly, it has been shown that cytoplasmic PRMTS5 is
essential for the growth of prostate cancer cells, whereas nuclear
PRMTS5 inhibits prostate cancer cell growth.’> Moreover, PRMT5
localizes in the nucleus of benign prostate epithelial cells and in
the cytoplasm of cancerous prostate tissues.** Likewise, we found
that high nuclear PRMT5 was associated with better patient out-
come in breast cancer. However, some recent studies showed that
high PRMT5 expression is associated with shorter survival.***
The different subcellular localizations of PRMT5 might be
responsible for these conflicting observations. Indeed, the study
by Wu et al. investigated PRMT5 mRNA and not the protein,™
while that of Yang and colleagues did not take into account the
nuclear localization of PRMTS5 for their statistical analyses.”® Con-
cerning the correlation with other markers analyzed by the team,
we found a positive correlation between PRMT5 and nuclear
LKB1 but not with cytoplasmic LKB1. Interestingly, as reported
previously by our team,” nuclear LKB1 was associated with lon-
ger patient survival. In our study this impact on the survival
occurs only in tumors with high levels of nuclear PRMTS5, sug-
gesting a functional relationship between the 2 proteins. We then
decided to investigate the correlation between PRMT5 and LKBI
in a cellular context. However, we were unable to find a mam-
mary cell line in which both proteins were expressed in the
nucleus (data not shown). Moreover, when we studied their inter-
action, we found that it occurred only in the cytoplasm of
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mammary tumoral cells. We cannot exclude that they could inter-
act in the nucleus, but the interaction could be transient and con-
sequently too difficult to detect.

LKB1 interacts with PRMT5 in the D3 fragment containing
the Middle-Rossman-fold domain, which binds the SAM,* sug-
gesting that its binding could modify the enzymatic activity of
PRMT5. In addition, the T139A and T144A point-mutations
completely abolished the interaction between LKB1 and PRMT5.
One can hypothesize that the phosphorylation of these residues
may stabilize LKB1/PRMT5 binding.

So far, we have identified 3 threonine residues phosphorylated
by LKB1. However, we cannot exclude that other residues could
be modified. Indeed, when we divided the D1 domain of PRMT5
into two fragments and performed the in vitro phosphorylation
experiment, we noticed that the Dla fragment is also slightly
phosphorylated by LKBI1 (Fig. 4b). Moreover, LKB1 also binds
MEP50 and it could also be a substrate for LKB1. Phosphoryla-
tion appears to be largely involved in PRMT5/MEP50 activity, as
several kinases have been described to modulate this complex
activity. Mutant Jak2 phosphorylates PRMTS5 at the Y304 residue,
impairing the ability of PRMT5 to methylate histones. Con-
versely, phosphorylation of MEP50 on the T5 residue increases
the methyltransferase activity toward histone H4.> More recently,
PRMTS5 was described to be phosphorylated in its C-terminus by
the Akt and glucocorticoid-inducible kinases on T634. This event
triggers a 14-3-3/PDZ interaction switch important for the target-
ing of PRMTS5 to the plasma membrane.”

In our work, we identified two threonine residues crucial
for the enzymatic activity of PRMT5. We can hypothesize
that these residues are important for the methylation of
substrates as their mutation to alanine inhibits PRMT5
binding to MEP50, its major regulator,* as well as to pICln,
which favors its enzymatic activity toward Sm proteins,*®
and to RiOK1, inducing its activity toward a broad range of
substrates such as nucleolin and histones (Fig. 5b). Based
on our results, we can propose a model in which, in the
presence of LKB1, the two threonine residues are phosphor-
ylated, triggering the dissociation of MEP50, pICln and
RioK1, thus decreasing the enzymatic activity of PRMT5

Figure 5. Phosphorylation of PRMT5 modulates its methyltransferase activity. (a) Hela cells were transfected with the different V5-PRMT5
mutants for 48 h. The catalytic activity of PRMT5 was assessed by immunoprecipitation using an anti-V5 antibody, followed by a radioactive
in vitro methylation assay. SmD3 was incubated with the immunoprecipitated V5-PRMT5 proteins (WT and mutants) in the presence of
[methyl->H] SAM. Reaction products were analyzed by SDS-PAGE followed by fluorography (left panel). 1/20th of the IP was analyzed for
V5-PRMT5 expression and protein expression was verified by Western blot analysis (right panel). (b) Interactions of both WT and T139/144A
PRMT5 with known partners were assessed by immunoprecipitation in MCF-7 cell extracts overexpressing the tagged proteins, using an anti-
V5 antibody. The bound proteins were verified by Western blot using the corresponding antibodies (left panel). The IP control was analyzed
for V5-PRMT5 expression and protein expression was verified by Western blot (right panel). (¢) MCF-7 cells were transfected with a plasmid
encoding V5-PRMT5 wild type or the mutant T139/144A PRMT5. Lysates were immunoprecipitated with pan phospho-Threonine antibody and
immunoblotted with V5 antibody. PRMT5 expression was evaluated in the inputs. (d) Model for PRMT5 regulation by LKB1. In normal
conditions, PRMT5 interacts with MEP50, RiOK1 and plCln in order to methylate nucleolin, histones and Sm proteins. T139 and T144 are
important residues for such interactions. After point-mutations of T139 and T144 into A139 and A144, respectively, PRMT5 no longer binds to
its partners and loses its capacity to methylate substrates. M represents arginine methylation. In the presence of LKB1, PRMT5 is
phosphorylated on T139 and T144 residues, thereby leading to a decrease in its catalytic activity, due to a loss of its interaction with its

partners. [Color figure can be viewed at wileyonlinelibrary.com]
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(Fig. 5d). In the future, the production of a specific anti-
body recognizing P-T139/P-T144 could be used as a marker

of the enzymatic activity of PRMTS5.
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