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Myosin phosphatase and RhoA-
activated kinase modulate arginine 
methylation by the regulation of 
protein arginine methyltransferase 
5 in hepatocellular carcinoma cells
Adrienn Sipos1, Judit Iván1,2, Bálint Bécsi1,2, Zsuzsanna Darula3, István Tamás1, 
Dániel Horváth1, Katalin F. Medzihradszky3, Ferenc Erdődi1,2 & Beáta Lontay1

Myosin phosphatase (MP) holoenzyme is a protein phosphatase-1 (PP1) type Ser/Thr specific enzyme 
that consists of a PP1 catalytic (PP1c) and a myosin phosphatase target subunit-1 (MYPT1). MYPT1 
is an ubiquitously expressed isoform and it targets PP1c to its substrates. We identified the protein 
arginine methyltransferase 5 (PRMT5) enzyme of the methylosome complex as a MYPT1-binding 
protein uncovering the nuclear MYPT1-interactome of hepatocellular carcinoma cells. It is shown that 
PRMT5 is regulated by phosphorylation at Thr80 by RhoA-associated protein kinase and MP. Silencing 
of MYPT1 increased the level of the PRMT5-specific symmetric dimethylation on arginine residues of 
histone 2 A/4, a repressing gene expression mark, and it resulted in a global change in the expression of 
genes affecting cellular processes like growth, proliferation and cell death, also affecting the expression 
of the retinoblastoma protein and c-Myc. The phosphorylation of the MP inhibitory MYPT1T850 and the 
regulatory PRMT5T80 residues as well as the symmetric dimethylation of H2A/4 were elevated in human 
hepatocellular carcinoma and in other types of cancers. These changes correlated positively with the 
grade and state of the tumors. Our results suggest the tumor suppressor role of MP via inhibition of 
PRMT5 thereby regulating gene expression through histone arginine dimethylation.

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide and is a leading cause of 
cancer-related deaths. The molecular mechanism behind the pathogenesis of HCC is poorly understood, although 
molecular markers and more precise classification would be crucial1. One of the potential therapeutic target 
mechanisms is reversible protein phosphorylation at serine (Ser) and threonine (Thr) residues by the coordinated 
action of protein kinases and phosphatases. More than 98% of cellular protein phosphorylation occurs at Ser/Thr2 
and it regulates intracellular signal transduction pathways resulting in profound changes in cellular responses. 
Many protein kinases are identified as oncogenes and protein dephosphorylation by protein phosphatases may 
also play a critical role in malignant transformation of cells3. Protein phosphatase-1 (PP1) is one representative of 
the major phospho-Ser/Thr (P-Ser/Thr) specific eukaryotic protein phosphatases. Mammalian genomes contain 
three different genes that encode five distinct PP1 catalytic subunits (PP1c): PP1cα1/a2, PP1cβ/δ and PP1cγ1/γ2

4. 
Several lines of evidence suggest that PP1 activity is required for exit from mitosis, yet may also block cell cycle 
progression and facilitate apoptosis5. Moreover, okadaic acid, a potent and specific inhibitor of PP1 and protein 
phosphatase 2 A (PP2A) enzymes was described as a powerful tumor promoter that triggers tumor formation in 
various organs such as liver6. Previous studies reported that the nuclear PP1cα​ and PP1cβ​/δ​ activity significantly 
decreased in human HepG2 and rat AH13 hepatoma cells compared with primary cultured hepatocytes also 
suggesting that PP1 is a tumor suppressor in its own right5.

1Department of Medical Chemistry, Faculty of Medicine, University of Debrecen, Debrecen, H-4032, Hungary. 
2MTA-DE Cell Biology and Signaling Research Group, Faculty of Medicine, University of Debrecen, Debrecen,  
H-4032, Hungary. 3Laboratory of Proteomics Research, Biological Research Centre, Hungarian Academy of Sciences, 
Szeged, H-6726, Hungary. Correspondence and requests for materials should be addressed to B.L. (email: lontay@
med.unideb.hu)

received: 01 June 2016

accepted: 08 December 2016

Published: 11 January 2017

OPEN

mailto:lontay@med.unideb.hu
mailto:lontay@med.unideb.hu


www.nature.com/scientificreports/

2Scientific Reports | 7:40590 | DOI: 10.1038/srep40590

It is assumed that free PP1c is not present in the cells, but it performs its diverse biological activities by form-
ing holoenzymes with one of the almost 200 PP1c-binding proteins, termed targeting/inhibitory subunits, in a 
mutually exclusive manner7. The functions of these proteins are to target PP1c to the substrate, to modulate the 
enzyme activity and to determine the subcellular localization8. Myosin phosphatase target subunit 1 (MYPT1) 
is one of the regulatory proteins that binds to PP1c to form a highly stable holoenzyme referred to as myosin 
phosphatase (MP). MP is a heterotrimer composed of the β​/δ​ isoform (termed both ways) of PP1c and two 
non-catalyic subunits, MYPT1 and a 20 kDa subunit with essentially unknown function9. It is the dominant form 
in smooth muscle but is expressed ubiquitously in mammalian tissues10. Much of the earlier works have focused 
on smooth muscle MP, which regulates the phosphorylation level of the 20 kDa regulatory light chains of myosin 
II, thereby mediating contractile and motile events in these cells11. Although numerous cytoskeletal MP substrates 
have been identified so far12 suggesting its role in cell migration and metastasis formation, MYPT1 was also found 
in the nuclear and microsomal fraction of HepG2 cells13, and in the nucleus of neuronal cells14. MP plays impor-
tant roles in nucleus related cellular processes, including mitosis by antagonizing polo-like kinase-115, apoptosis 
by dephosphorylating and facilitating the nuclear localization of the histone deacetylase protein and repression 
of Nur77, a proapoptotic gene16. MP also inhibits oncogenic signaling cascades by modulating the dephospho-
rylation of merlin tumor suppressor protein, which regulates the Ras-signaling extracellular signal-regulated 
kinase (ERK) pathway driving tumorigenic transformation17. MP also modulates the dephosphorylation of the 
retinoblastoma protein, which plays a role in G1/S transition of cell cycle18. Moreover, MYPT1 KO mice develops 
a lethal phenotype indicating the crucial role of MP in cell proliferation and gene expression19. Thus, the above 
data suggest that dysregulation of phosphorylation signaling pathways related to MP is directly correlated with a 
plethora of diseases such as cancer and diabetes.

One of the potential regulatory pathways related to MP function is driven by the RhoA GTPase and its 
downstream Ser/Thr kinase termed RhoA-activated kinase (ROK) which was shown to phosphorylate MYPT1 
at Thr696 and Thr850, thereby causing inhibition of MP activity20. Although Thr696 of MYPT1 can be phos-
phorylated by other kinases, the Thr850 (by human sequence) inhibitory phosphorylation site is dominantly 
regulated by ROK21. Additionally, numerous other downstream targets of ROK have been identified including 
intermediate filaments, adducin and the dephosphorylation of these substrates at the ROK-specific phosphoryl-
ation site are catalyzed by MP22. It was shown that initiation of HCC formation23 is mediated by ROK and hyper-
activation of RhoA/ROK is associated with aggresive tumors with enhanced metastatic features in numerous 
organs24. Moreover, Y27632, the selective inhibitor of ROK suppresses invasiveness of several animal cancers such 
as HCC25. A plethora of studies have suggested that ROK inhibitors might be drug candidates in the treatment of 
cancer by targetting stromal cells rather than tumor cells26.

To elucidate the contribution of the ROK/MP axis in tumorigenesis beyond their already described role in 
angiogenesis and metastasis our goal was to describe the nuclear function of MP. Our present data indicate a 
potential tumorsuppressor role for MP in human hepatocarcinoma cells via antagonizing the tumorigenic effect 
of ROK. Our results shed light on the involvement of ROK/MP enzyme pair in the phosphorylation/dephospho-
rylation of the protein arginine methyltransferase 5 (PRMT5) via regulating arginine methylation of histones 
thereby affecting signaling for cancer formation.

Results
MYPT1 nuclear interactome: interaction with PRMT5 of the methylosome complex.  Initial 
reports have already described the presence of MYPT1 in the nucleus but its exact subnuclear localization and 
function remained unknown13. MYPT1, PP1cα​/γ​1 and PP1cδ​ were distributed in the cytoplasmic and nuclear 
subcellular fractions (Fig. S1A). Specific activity measured in the presence of 2 μ​M inhibitor-2 (I2) which is a 
highly selective inhibitor of PP1, but does not influence PP2A activity27 suggested that ~60% of total phosphatase 
activity of nuclear fraction was due to PP1 (Fig. S1B). Myosin phosphatase was found to be localized to the chro-
matin and the spliceosomes in the nucleus of HepG2 cells (Fig. S1C). To gain more data for the role of MP, we 
determined the nuclear interactome of Flag (FT)-MYPT1 by mass spectrometry. Pull-down assays were carried 
out using FT-MYPT1 protein bound to anti-Flag M2 affinity gel which was incubated with the nuclear extract 
of HepG2 cells. The FT-MYPT1 binding proteins were eluted from the beads, separated by SDS-PAGE then the 
protein bands were silver-stained, excised and subjected to LC-MS/MS analysis. Twenty-two potential MYPT1-
interacting proteins were identified (Table 1). The peptide sequences identified are presented in Table S1 together 
with the percentage distribution for cellular roles of their parent proteins (Table S2). Nuclear MYPT1-binding 
proteins may play roles in RNA processing and splicing and in gene expression (Table 1). Mitogen-activated 
protein kinase and magnesium-dependent protein phosphatase 1B (PP1B/PP2C) were also among the potential 
interacting partners of MYPT1. Strikingly, the protein arginine methyltransferase 5 (PRMT5/JBP1), the member 
of the methylosome complex was also identified. PRMT5 is one of the nine PRMTs in mammalian cells and plays 
an unique and specific role in the generation of the ω​-NG, NG-symmetric dimethylarginine (SDMA) as a type II 
PRMT. It has multiple cytosolic and nuclear binding partners and is implicated in the regulation of transcription, 
RNA transport and cellular signaling28.

PRTM5 of the methylosome complex interacts with MP through the N-terminal region in 
MYPT1.  Since PRMT5 was identified as a nonspecific interacting protein in affinity purified Flag-tagged 
complexes from HeLa and tsa cell lysates29, we verified the interaction between the nuclear PRMT5 and MYPT1 
with additional methods. Anti-MYPT11-296 and anti-PRMT5 antibodies were used to immunoprecipitate target 
proteins and a possible association between MYPT1 and PRMT5 was assayed in HepG2 cells (Fig. 1A). PRMT5 
and MYPT1 were identified in each precipitates as judged by Western blots implying that these two proteins 
were co-precipitated. No cross reactions were detected in the non-immune serum control (Fig. 1A). Surface 
plasmon resonance (SPR)-based binding assays were carried out to investigate the molecular background of 
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MYPT1-PRMT5 interaction using full-length GST-MYPT1 as well as a GST-fusion C-terminal fragment of 
residues 667 to 1004 (GST-MYPT1667-1004). These MYPT1 species were bound on SPR sensorchips to immobi-
lized anti-GST and purified FT-PRMT5 was flown through the flow cells as an analyte. PRMT5 formed a stable 
complex with the full-length GST-MYPT11-1004 in a concentration range of 0.3125–5 μ​M and the association 
constant for binding was Ka =​ (1.62 ±​ 0.29) ×​ 107 M−1 (Fig. 1B), while no signal for binding was obtained with 
GST-MYPT1667-1004 (data not shown). Fitting the sensograms with a 1:1 binding model resulted in overlaps with 
the experimental curves suggesting a 1. 1 molar ratio in the GST-MYPT11-1004- PRMT5 complex formed. These 
data demonstrate also that PRMT5 forms a stable interaction with the N-terminal region of MYPT1.

PRMT5 is a substrate of ROK and MP and its methyltransferase activity is regulated via  
phosphorylation/dephosphorylation of its Thr80 residue.  The putative phosphorylation sites of 
PRMT5 were screened and the identities of protein kinases that may target these sites were predicted by a P-Si 

NCBI gi# Protein MW, Da Peptide number Function

4505317 Protein phosphatase 1 regulatory subunit 12 A 
isoform a (MYPT1) 115610 20 Signal transduction

13699824 Kinesin family member 11 120111 7 Motor protein, mitosis

338443 Beta-spectrin 275259 3 Protein targeting

20070220 Protein arginine methyltransferase 5 isoform a 73322 8 Transcription regulation

4507361 Mitogen-activated protein kinase kinase kinase 7 
isoform A 64930 3 Signal transduction, transcription regulation

4506583 Replication protein A1 68723 2 DNA replication, DNA damage

4505995 Protein phosphatase 1B isoform 1 53180 6 Signaling pathways, cell stress response 
pathways

307383 RNA helicase A 143405 3 Translation initiation, splicing, spliceosome 
assembly

29881667 Splicing factor proline/glutamine-rich 76255 8 Splicing

11067747 CDC5-like protein 92422 2 Cell cycle control, transcription regulation

288100 Initation factor 4B 69240 2 Translation initiation

4885225 Ewing sarcoma breakpoint region 1 isoform 2 68721 2 Gene expression, cell signaling, RNA 
processing

693937 Polyadenylate binding protein II 58709 12 Gene expression, RNA processing

56237027 Insulin-like growth factor 2 mRNA binding 
protein 1 isoform 1 63783 2 Translation regulation, mRNA transport

4504447 Heterogeneous nuclear ribonucleoprotein A2/B1 
isoform A2 36041 3 Gene expression, mRNA processing

4504445 Heterogeneous nuclear ribonucleoprotein A1 
isoform a 34289 2 mRNS processing and transport, RNA 

splicing

356168 Histone H1b 21721 2 DNA-binding, nucleosome assembly

Table 1.   FT-MYPT1 binding proteins of HepG2 nuclear fraction.

Figure 1.  Interaction of MYPT1 with PRMT5. (A) Immunoprecipitations were carried out using 
anti-MYPT11-296 and anti-PRMT5 antibodies as well as nonimmune rabbit serum as negative control. 
Immunoprecipitates and HepG2 total lysate were analysed by Western blots using antibodies specific for 
MYPT1 and PRMT5. (B) SPR analysis of the interaction of MYPT1 with PRMT5. Full-length GST-MYPT11-1004 
was immobilized on anti-GST coupled CM5 sensor chip. FT-PRMT5 was injected over the surfaces in the 
indicated concentrations. The interaction was monitored using Biacore 3000. The association constant (Ka) 
value was indicated in the figure.



www.nature.com/scientificreports/

4Scientific Reports | 7:40590 | DOI: 10.1038/srep40590

Figure 2.  ROK and MP regulate the methyltransferase activity of PRMT5 through phosphorylation/
dephosphorylation at Thr80. (A) Autoradiograms of PRMT5 phosphorylated in the absence or in the 
presence of 0.1 μ​g/ml protein kinase A (PKA, left panel), 0.1 μ​g/ml protein kinase C (PKC, middle panel) 
or 0.4 U/ml Rho-associated kinase (ROK, right panel) with 32P-ATP. (B) Western blot analysis of ROK-
phosphorylated PRMT5 using antibody specific for phospho-Thr. After stripping the membrane anti-PRMT5 
antibody was applied to detect PRMT5 as an input control. (C) Ion trap collision-induced dissociation (CID) 
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Predictor alogrithm developed by Kinexus (http://www.phosphonet.ca/). Protein kinase A (PKA), protein kinase 
C (PKC) and ROK were suggested as potential phosphorylating enzymes therefore they were probed in in vitro 
phosphorylation assays. The autoradiogram in Fig. 2A shows that PRMT5 was phosphorylated by ROK but not 
by PKA or PKC in kinase assays when radioactive ATP (γ​- 32P-ATP) was used as phosphoryl donor substrate. 
Western blot analysis of ROK-phosphorylated PRMT5 by antibody specific for phosphorylated Thr (Fig. 2B) indi-
cated that ROK phosphorylates PRMT5 definitely on Thr residue. Thr80 residue was identified as a ROK phos-
phorylation site in PRMT5 by mass spectometry analysis of ROK-phosphorylated FT-PRMT5 samples compared 
to non-phosphorylated ones (Fig. 2C). Ser15/16, Thr67 were Ser69 were also identified as potential phosphoryl-
ation sites of PRMT5 from LC-MS/MS data. However, only Thr80 phosphorylation was unambiguously linked 
to the ROK-treatment since the phosphorylation of Ser15/16 was also identified in control samples which were 
incubated without ROK and the Thr67 and Ser69 phosphorylation sites were infirm even after the enrichment 
using titanium-oxide chromatography (Fig. S6.).

ROK-specific phosphorylation of PRMT5T80 was confirmed by ROK-assay (Fig. 2D, Fig. S3A) in which the 
relative Thr80 phosphorylation level of wild type PRMT5 determined by anti-phospho-PRMT5T80 antibody 
(anti-pPRMT5T80) was significantly decreased in the presence of H1152, a selective Rho-kinase inhibitor. Alanine 
mutant of PRMT5T80 (PRMT5T80A) was generated by site-directed mutagenesis and phosphorylation of this 
mutant was probed in ROK assay in the presence and absence of H1150. As judged with anti- anti-PPRMT5T80 
antibody on Western blot no signal was detected confirming the Thr80 specificity of ROK in PRMT5 phospho-
rylation (Fig. S3B).

To prove the regulatory role of MP on PRMT5, FT-PRMT5 was phosphorylated by ROK and in vitro phos-
phatase assays were carried out using recombinant PP1cδ​ and purified FT-MYPT1 proteins or their combination 
representing MP holoenzyme (Fig. 2E). Western blot data using anti-pPRMT5T80 showed that the FT-MYPT1 
had no effect on the phosphorylation level of PRMT5 at Thr80, whereas recombinant PP1cδ​ or the mixture of 
PP1cδ​ and FT-MYPT1 caused ~14% and ~40% decrease in phospho-PRMT5T80, respectively comparing to the 
ROK-phosphorylated samples. The increased dephosphorylation of PRMT5 at Thr80 by PP1cδ​ in presence of 
FT-MYPT1 indicates that the phosphorylated PRMT5 is a substrate of MP holoenzyme and MYPT1 has a target-
ing role in this dephosphorylation process.

To determine the effect of the phosphorylation of PRMT5 at Thr80 on its methyltransferase activity we assayed 
PRMT5 activity by determining symmetric dimethylation of histone 2A and 4 (H2A and H4) on their common 
arginine 3, the so called “R3 motif ”30. No significant changes in symmetrical dimethylation of H2AR3 or H4R3 
were detected when FT-MYPT1 without PP1cδ​ was used (Fig. 2H and I). Nevertheless, in accordance with the 
rate of PRMT5-dephosphorylation represented in Fig. 3G symmetrical dimethylation of H4R3 was decreased 
by 15% and 46% when PP1cδ​ and the mixture of FT-MYPT1 and PP1cδ​ was applied during methyltransferase 
assay. Changes in the symmetrical dimethylation level of H2AR3 (Fig. 2F) were even more profound, 23% adding 
PP1cδ​ and 67% adding the mixture of PP1cδ​ and FT-MYPT1. Since MEP50 is an essential component of the 
methyltransferase activity of PRMT5, we tested if the phosphorylation at Thr80 increases the affinity of MEP50 to 
PRMT5 resulting the enhanced activity upon ROK phosphorylation. The phosphorylation by ROK with or with-
out the inhibition of ROK by H1152 had no effect on the amount of the MEP50 bound to the wt PRMT5 (Fig. 2F.). 
The relative amount of MEP50 binding to wt PRMT5 showed no significant differences either upon ROK phos-
phorylation or the dephosphorylation by MP (Fig. 2G.) suggesting that the phosphorylation of PRMT5 at Thr80 
has no effect on MEP50 binding. These data indicate that Thr80 residue is a regulatory phosphorylation site of 
PRMT5 and the phosphorylation increases, while the dephosphorylation decreases its methytransferase activity.

Silencing of MYPT1 increased H2A and H4 Arg3 dimethylation and PRMT5 phosphorylation at 
Thr80 in HepG2 cells.  Histone 2AR3 and −​4R3 are symmetrically dimethylated by PRMT5 which shifts the 
balance from an activating asymmetric (ADMA) to a suppressive symmetric dimethylarginine (SDMA) mark at 
these motifs with respect to gene expression31. The fact that MP dephosphorylated PRMT5 at the ROK-specific 
phosphorylation site in vitro led us to examine whether MP plays a role in the regulation of gene expression 
through the arginine methylation of H2A and 4 at the gene repression sites in vivo. We first transfected HepG2 
cells with MYPT1-specific siRNAs (siMYPT1) or non-targeting siRNA as a control. SiMYPT1 was able to lower 

spectra of PRMT5 phosphopeptides. CID of m/z: 656.338 (3+​) identified as SDLLLSGRDWNpTLIVGK 
representing [69–85] of the wild type protein. Thr80 was identified as the modification site (see fragment ion 
y11 (phosphorylated)). Peptide fragments are labeled according to the nomenclature by Biemann56. (D) Effect 
of ROK inhibitor (10 μ​M H1152) on the phosphorylation level of PRMT5 during in vitro ROK assay. Control 
samples were prepared in the absence of ROK, positive control samples were prepared in the presence of 
ROK without ROK inhibitor. Relative phosphorylation level of Thr80 was judged by Western blot using anti- 
pPRMT5T80 antibody and blots for PRMT5 served as loading control. (E) Effect of 25 nM FT-MYPT1 and 5 nM 
rPP1cδ​ or their combination on the phosphorylation level of PRMT5 at Thr8080 as judged by Western blot. 
Data were compared to ROK-phosphorylated PRMT5. (F,G) Amount of MEP50 bound to FT-PRMT5 during 
ROK-phosphorylation (F) and dephosphorylation by MP (G) compared to unphosphorylated control samples. 
MEP50 was detected by anti-MEP50 antibody during Western blot and relative amount was normalized to the 
level of PRMT5. (H,I) In vitro arginine methyltransferase assay of unphosphorylated and ROK-phosphorylated 
PRMT5 measured by the symmetric dimethylation level of histone H2A Arg3 (H2AR3me2s, F) or histone H4 
Arg3 (H4R3me2s, G) in the presence of 25 nM FT-MYPT1, 5 nM rPP1cδ​ or their combinations. Gels have been 
processed under the same experimental conditions. Values represents mean ±​ SEM; **p <​ 0.01, ***p <​ 0.001, 
****p <​ 0.0001, #p <​ 0.05, one-way ANOVA followed by Tukey’s multiple comparison test, n =​ 3.

http://www.phosphonet.ca/
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Figure 3.  Effect of MYPT1 silencing on the methyltransferase activity of PRMT5 in HepG2 cells. 
Immunofluorescent staining of non-target control (Ctrl) and MYPT1-silenced (siMYPT1) cells using  
antibodies specific for MYPT11-296 (A), PRMT5 (B), histone H2A symmetric dimethyl Arg3 (H2AR3me2s  
(C) and histone H4 symmetric dimethyl Arg3 (H4R3me2s (D) and actin as inducated in the figures. Scale 
bars: 50 μ​M. Enlargement of framed regions in merged images are shown on the right on A, B, C and D panels. 
Nuclear fractions of non-target control (Ctrl) and MYPT1-silenced (siMYPT1) HepG2 cells were prepared 
and analysed by Western blot using anti-MYPT11-296 (E), anti-PRMT5 (F), anti-pPRMT5T80 (G), anti-histone 
H2A symmetric dimethyl Arg3 (H) and anti-histone H4 symmetric dimethyl Arg3 (I) specific antibodies. 
The relative expression of MYPT1 or PRMT5 and the relative symmetric dimethylation level of H2AR3 or 
H4R3 were normalized to lamin A/C as internal control. Samples derived from the same experiment and the 
blots were processed in parallel or assayed after stripping. The relative phosphorylation level of PRMT5T80 
was normalized to the expression level of PRMT5 and then to lamin A/C as internal control by densitometry. 
Mean ±​ SEM; n =​ 3; *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001, ****p <​ 0.0001 by student t-test.
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the protein expression of MYPT1 by >​70% (Fig. 3E) without causing any significant decrease either in the sur-
vival (Fig. S4A) or the caspase-3 activity (Fig. S4B) as signs for apotosis of HepG2 cells. Upon MYPT1-silencing 
drastic changes in cell morphology and in formation of stress fibers were detected by immunofluorescent staining 
(Fig. 3A). PRMT5 was localized to the cytosolic as well as to the nuclear fraction (Fig. 3B). MYPT1-silencing 
had no effect on either the protein expression (Fig. 3F) or on the subcellular localization of PRMT5, however, 
the phosphorylation of PRMT5 at Thr80 was increased by 46% (Fig. 3G). Moreover, we examined the effect 
of siMYPT1 on the level of dimethylation of H2AR3 (Fig. 3H) and H4R3 (Fig. 3I) and it was elevated by 40% 
and 45%, respectively, whereas the expression of both histone proteins remained constant. The fluorescence 
intensity of the dimethylation of H2AR3 (Fig. 3C) and H4R3 (Fig. 3D) increased followed by MYPT1-silencing. 
Fluorescent mean intensity of H2AR3 symmetrical dimethylation increased from 12.8 to 21.79 (arbitrary unit) 
due to MYPT1-silencing. Difference in symmetrical dimethylation was more considerable in case of H4R3 (from 
8.19 to 22.58) compared to non-significant intensity changes of H2A or H4 expression (Table S6). To verify our 
data we applied the nuclear extract of non-target and MYPT1-silenced HepG2 and MCF7 cells on quantitative 
methyltransferase assay (Fig. S5A and B). Knocking down MYPT1 increased the specific activity of PRMT5 by 
~65% comparing to the control samples. Taken together, our results reflect the physiological regulatory role of MP 
in the methyltransferase activity of PRMT5 and thus influence the dimethylation of histone respression marks.

Silencing of MYPT1 results in altered gene expression pattern and downregulates the expression  
of tumor suppressors in HepG2 cells.  To more precisely define the role of MP in functions related to the 
regulation of dimethylation of histone proteins, we performed microarray studies using the Affymetrix Human 
Gene 1.0 ST Array for the analysis of gene expression. Over 39,000 transcripts/single array were examined 
encompassing the entire expressed human genome. Total RNA was isolated from control and MYPT1-silenced 
(siMYPT1) HepG2 cells (Fig. 4). The comparison of control and siMYPT1 samples identified 2728 genes differ-
entially regulated between the two groups. Complete lists of genes are available at www.figshare.com website. 
Table S7 shows a list of genes that were up- or downregulated by more than 1.5-fold (n =​ 3) in the siMYPT1 sam-
ples when compared to gene expression pattern. Hierarchical cluster analysis was performed on all differentially 
expressed genes using average linkage with Pearson’s dissimilarity and the number of induced and repressed 
genes were presented in a heat map (Fig. 4A). Bioinformatic analysis was assigned to different canonical pathways 
such as LPS/IL-1 mediated inhibition of RXR function (PPAR α​, γ​, IL1R, JUN), antioxidant action of vitamin C 
(STAT5, MAPK3 and 9), cell cycle regulation (Not7, PPP2C, CDK2, E2F3, Rb protein) as well as IL-4 and IL-8 
signaling. Knocking down of MYPT1 also influenced molecular and cellular functions such as lipid metabolism, 
molecular transport, cell growth and differentiation and cell death. Additionally, the siMYPT1-related genes were 
analyzed for identifying diseases and disorders relevant to the list. Strikingly, 36% of all related genes (960) were 
linked to cancer disease such as lymphohematopoietic, liver and breast cancer and renal-cell carcinoma for-
mation. Genes related to infectious diseases and developmental disorders were also identified in 10% and 6%, 
respectively. Taken together, microarray analysis identified a number of signaling pathways strongly point to a 
role of MP in the regulation of gene expression.

The evaluation of genes related to MYPT1-silencing revealed the significant downregulation of several tumor 
suppressors and transcription factors. One of them is the retinoblastoma protein (pRb) that plays a pivotal role in 
the negative control of the cell cycle and in tumor progression as a major regulator of G1 checkpoint32. The other 
is c-Myc that regulates the cell cycle progression and cellular transformation as a multifunctional transcription 
factor33. The protein expressions of pRb and c-Myc were significantly decreased upon MYPT1 silencing and these 
were also confirmed by Western blot analysis (Fig. 4C and D). To clarify fully the connection between the MP 
activity and the PRMT5-regulated gene expression we screened for genes related to both PRMT5 and MP in the 
database of the siPRMT534 and siMYPT1 microarray analysis, respectively. Rap1 gene expression was 2.3 fold 
reduced upon PRMT5 silencing in human embryonic stem cells and the expression of this gene was found to be 
significantly increased in siMYPT1 cells (Fig. 4E).

Myosin phosphatase is involved in the regulation of gene expression through the suppression 
mark of PRMT5 on histone 2A and 4 in human cancer.  The microarray analysis indicated that in case 
of decreased level of MP cancer-related processes dominate. Reverse phase protein microarray analysis was con-
ducted in multiple tissue lysates of patients for the validation of changes in the protein levels and their posttrans-
lational modifications in cancer. Tumor tissue lysates obtained from a large group of human patients with grade 
2 and 3 and state II and III (Fig. 5 dark grey columns) hepatocellular carcinoma (n =​ 20), four different types of 
metastatic liver cancers (Fig. 5 light grey columns) as well as 15 other types of cancer cell lines with their adequate 
normal cell type controls (Fig. 5 black columns) were analysed using high throughput screening for multiple 
protein targets such as PRMT5 (Fig. 5A), pPRMT5T80 (Fig. 5B), MYPT1 (Fig. 5C), pMYPT1T850 (Fig. 5D), histone 
2A (Fig. 5E) and histone 2A symmetric arginine methylation (Fig. 5F).

The protein expression of PRMT5 showed an increase in ~75% of the investigated cancer tissues comparing to 
the healthy controls. THP-1 monocytic leukemia and Raji Burkitt lyphomoma cells presented the largest increase 
(Fig. 5A). The relative phosphorylation of PRMT5 at Thr80 in cancer tissues were significantly elevated in all 
cases escpecially in the leukemia, lung, colon and breast cancer carcinoma as well as in HCC tissues (Fig. 5B). The 
relative MYPT1 expression exhibited a diverse expression pattern since it was significantly downregulated in few 
cases (HeLa cervix and A549 lung carcinoma) but in uterine carcinoma it showed a twofold increase. However, 
MYPT1 expression did not change in the majority of cancer types (65%). Since MP holoenzyme activity is reg-
ulated through the phosphorylation of MYPT1 at the Thr850 inhibitory site, we were able to draw conclusions 
about the activity of PP1M in tumor cells based on the phosphorylation state of MP. Increased phosphorylation 
level of MYPT1Thr850 was found in almost all cases up to a 10–12-fold elevation in breast and lung carcinomas 

http://www.figshare.com
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(Fig. 5D). The overexpression of histone proteins in cancer cells and the elevated symmetric dimethylation of 
them have been already described in colorectal, glioblastoma and numerous other cancer types35,36. We also 
verified either no changes (Burkitt lymphoma, hepatocellular adenomatoid and trabecular adenocarcinoma) or 
significant elevation in histone protein expression (Fig. 5E) and 85% of all examined cancer types showed an 
increase in the repressive Arg3 symmetrical dimethylation mark. Our results imply that the decreased activity of 
MP bears an obvious relation to the increased activity of PRMT5 and the increased gene repression mark on his-
tones in almost every investigated cancer types particularly in bladder and colon carcinoma, MCF7 breast cancer, 
THP1 monocytic leukemia, kidney adenocarcinoma and in hepatocellular carcinoma. Except for the expression 

Figure 4.  Microarray analysis of MYPT1-silenced HepG2 cells. (A) Heat map of genes related to MYPT1 
silencing in HepG2 cells by microarray analysis. The color code for the signal strength is shown in the box at the 
bottom in which induced genes are indicated by red and repressed genes are indicated by blue. (B) The onthology 
of the related genes and their classification by GO terms. Detection of retinoblastoma protein (C) and c-Myc 
(D) protein expression changes due to MYPT1 silencing from HepG2 whole cell lysates by Western blot. Protein 
levels were quantified by densitometry normalized to α​-tubulin or GAPDH expression level. Samples derived 
from the same experiment and processed in parallel. RT-PCR analysis of MYPT1, PRMT5 and RAP1A mRNA 
levels in non-specific siRNA treated and MYPT1 silenced HepG2 cells (E). GAPDH was used as an invariant 
gene. Values are mean ±​ SEM from three independent experiments; *p <​ 0.05, **p <​ 0.01 by student t-test.
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of MYPT1 in all other cases, the protein expression as well as the phosphorylation of PRMT5 at Thr80, and the 
arginine methylation of histone 2A and 4 increased in the higher grade and stage in hepatocellular carcinoma 
tissues (n =​ 11–13) exhibiting a strong correlation to the grade and state of the tumor. These data suggest the 
involvement of the ROK/MP/PRMT5/histone dimethylation pathway in tumorigenesis.

Discussion
In the present study we have characterized a novel mechanism of tumorigenesis governed by ROK and MP in 
hepatocarcinoma cells (HCC). We have identified Thr80 in PRMT5 as the target of ROK/MP and the phos-
phorylation/dephosphorylation of this site is shown to modulate the activity of PRMT5. At high phosphoryl-
ation of PRMT5 at Thr80 symmetric dimethylation of the histone R3-motif is preferred which accompanied 

Figure 5.  Protein expression profile of HCC and other cancer cell lines. Reverse phase protein microarray 
analysis was conducted to study the changes in protein expression and posttranslational modification of PRMT5 
(A,B), MYPT1 (C,D) and histone H2A (E,F) proteins in normal and tumor human cell lysates. Human HCC 
samples (n =​ 20) were grouped based on their clinically verified stage (middle grey columns) or grade (dark 
grey columns) classification of tumor. Average of HCC samples irrespectively of grouping and other types of 
metastatic liver cancer tissues are shown next to each other (light grey columns). Protein microarray contains 
15 cancer cell lines and normal tissue lysate of controls of corresponding organs in triplicates (black columns). 
Value of 1 means average of relative expression, phosphorylation or symmetrical dimethylation of the given 
protein or residue to the corresponding non-tumor samples. Blots were processed under the same experimental 
procedure. Datas are mean ±​ SEM; *p <​ 0.05, **p <​ 0.01, ***p <​ 0.001, ****p <​ 0.0001 by student t-test.
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by tumorogenesis, while dephosphorylation by MP has an opposite effect. Therefore, MP could be assumed as 
a tumorsuppressor in HCC. The interplay between MP and PRMT5 is also supported by interaction analysis. 
First, the presence of PRMT5 in the MYPT1 nuclear interactome is appealing for an interacting protein complex. 
Second, SPR-based in vitro binding assay identified a stable interaction between MYPT1 (the large targeting sub-
unit of MP) and PRMT5 and it was verified that PRMT5 binds to the N-terminal region of MYPT1.

Our findings show that ROK/MP counteract on the Thr80 phosphorylation site of PRMT5 regulating its 
methyltransferase activity both in vitro (Fig. 2) and in vivo (Fig. 3). The PRMT5 protein includes multiple tyrosyl 
and seryl/threonyl residues that could be potentially targeted by phosphorylation. PRMT5 can be phosphorylated 
by a constitutively active janus kinase 2 mutant at the tyrosyl 304 and 307 residue resulting in the disruption of the 
interaction between MEP50 and PRMT5 and the inhibition of the activity of PRMT5 in patients with myoprolif-
erative neuroplasm37. The ROK/MP regulated Thr80 residue and its surrounding peptide sequences are not part 
of the methyltransferase domain of PRMT5 and play no role in the formation of the heterooctameric structure of 
PRMT54:MEP504 based on the crystal structure of human PRMT538. PRMT5T80 is located in a peptide sequence 
(GRDWNTLI/VV) well conserved among vertebrates but not in invertebrate orthologs. Furthermore, PRMT5 
exhibits no sequence homology with PRMT1-4 enzymes39 suggesting a selective regulatory function of its phos-
phorylation at Thr80. The fact that PRMT5-Thr80 phosphorylation increases the activity of the enzyme without 
the recruitment of more MEP50 into the complex supports the hypothesis that this modification triggers changes 
either in the substrate- or in the S-adenosylmethionine methyl donor binding sites. Our findings provide a yet 
unrecognized signaling mechanism which regulates PRMT5 activity directly with posttranslational modification.

Histone tail modifications are major components of the epigenetic regulation of gene transcription. It is well 
established that PRMT5 has preference for the symmetrical dimethylation of H4R3, H2AR3 and H3R8 shift-
ing the balance to a suppressive mark40,31. The symmetrically dimethylated R3-motif recruites the DNA methyl-
transferase DNMT3A to chromatin domains via its ADD domain to suppress gene expression thus representing 
epigenetic silencing of gene expression41. We provided several lines of evidence that silencing of MYPT1 results 
in a global change in gene expression through the activation of PRMT5 and by the indirect modulation of the 
“R3-motifs” of H2A and H4. Moreover, the general assumption that PRMT5 functions as a transcriptional core-
pressor is not definite since symmetric-dimethyl-arginine-containing protein(s) can specifically associate with 
the IL-2 promoter after T-cell activation and increase gene expression42. Our observation that cancer-related 
pathways are upregulated in HCC upon MYPT1 silencing is the results of the higher expression and hyperactiva-
tion of PRMT5, which suppresses gene and protein expression of several tumor suppressors or increasing that of 
potential oncogenes. First, the tumor suppressor pRb expression was significantly decreased in siMYPT1 HepG2 
cells suggesting the anti-tumor role of MYPT1 in HCC. This is well in line with the findings that PRMT5 overex-
pression triggered the suppression of the transcription of the pRb in leukemia and in lymphoma cell43. Second, 
c-Myc as a global transcriptional regulator can activate genes involved in cell proliferation and growth but it is also 
able to repress genes involved in cell cycle and adhesion44 raising the possibility of a yet-unexplored mechanism 
used by tumors to suppress differentiation and potentiate agressiveness. C-Myc expression is significantly lower 
in HCC than in nontumor tissues and is inversely proportional to the grade of differentiation45. We found that 
MYPT1 silencing resulted in a decrease in c-Myc gene and protein expression suggesting again the tumorsuppres-
sor effect of this MP subunit, and presumably MP itself, in HCC. Finally, we also found that Rap1, one of the target 
genes induced by PRMT534 was upregulated in siMYPT1 HepG2 cells (Fig. 5E). Rap1 functions as a genomwide 
transcriptional regulator and a critical player in tumor malignancy. The fact that inhibition of Rap1 interfered 
with tumor development and induced higher apoptosis rates46 also suggest that silencing of MYPT1 mimicks the 
protein expression pattern of cancer cells and the tumor suppressor activity of MYPT1 and therefore MP.

Previous studies speculated that constant and unbalanced phosphorylation of MYPT1 at Thr850 might be 
related to cancer formation47. Based on the phosphorylation of MYPT1T850 we confirmed that the activity of the 
nuclear MP decreased, the activity of PRMT5 phophorylated at Thr80 increased and PRMT5-specific repressive 
R3-dimethylation increased in HCC and in other cancer cell lines suggesting the fundamental role of this path-
way in tumorigenesis. Since both the stage and the grade of the tumors were directly related to the activity of this 
pathway, we hypothesized that this is an action governed by ROK. The downregulation of RhoA, an upstream 
activator of ROK48 and the direct inhibition of ROK by Incarvine C and Y27632 decreased the phosphorylation 
of MYPT1 at Thr850 in lung cancer and HCC49, respectively, and the ROK-phosphorylated MYPT1 was localized 
not only in the cytoplasm but in the nucleus as well50.

PRMT5 was overexpressed in multiple tumor types including leukemia, lymphoma, lung27, colorectal 
and breast cancer as well as in HCC and it resulted in increased symmetrical dimethylation on H2A and H4 
R3-motifs35. The prognosis of patients with HCC is associated with the expression level of PRMT5. The overex-
pression of PRMT5 increased the symmetric dimethylation of histone R3 motifs and we provided evidence that it 
is related to the enhanced phosphorylation level of PRMT5 at Thr80 (Fig. 6).

In this study we have provided new insights into the regulation of tumor suppressor pathways demonstrating 
that MP is a negative regulator of the PRMT5 oncoprotein. MP possesses a dual function in cancer-related path-
ways as it is not only a cytoskeletal regulator governing cell migration and metastasis but it also functions as a key 
regulator of gene expression and has anti-tumor features. Taken together, the “MP/PRMT5/histone R3” pathway 
plays a critical role in tumorigenesis and cancer development, therefore the pharmacological interventions of this 
pathway by targeting MP may have important and promising clinical implications in therapeutics.

Material and Methods
Chemicals and antibodies.  All chemicals were obtained from Sigma Aldrich unless otherwise indicated. 
Antibodies used are listed in the Supplementary Information Materials and Methods section. Buffer compositions 
are described in Supplementary Materials.
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Recombinant proteins.  PP1cδ​, GST-MYPT11-1004 and GST-MYPT1667-1004 were expressed in E. coli and 
purified as described before51,52. FT-PRMT5 (Sino Biological) for SPR and phosphorylation assays for MS analysis 
was free from MEP50 (Fig. S2C). FT-PRMT5wt (FT-PRMT5wt), -PRMT5T80A and FT-MYPT1 was purified from 
transfected tsA201 lysates using anti-Flag M2 affinity gel (Sigma Aldrich) applying the manufacturer’s protocol. 
FT-PRMT5wt and -PRMT5T80A proteins were bound to anti-Flag M2 affinity gel during kinase and phosphatase 
assays and in vitro protein arginine methyltransferase assays. FT-PRMT5 was in complex with MEP50 (Fig. S2C). 
PP1c-free FT-MYPT1 was produced for the execution of phosphatase assays and in vitro protein arginine meth-
yltransferase assays. The FT-MYPT1 bound to the anti-Flag M2 affinity gel was incubated with MYPT11-296 pep-
tide13 several times to dissociate the PP1c subunit then FT-MYPT1 was eluted from the beads with 300 μ​g/ml 
Flag-peptide (Sigma Aldrich). The lack of PP1c in the FT-MYPT1 preparation was validated by Western blot with 
anti-PP1c antibody and phosphatase assay with 32P-MLC20 substrate, The purity of all the PP1cδ​ (Fig. S2D), 
GST-MYPT11-1004 and GST-MYPT1667-1004 (Fig. S2A) were jugjed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PASGE).

Cell cultures, transient transfections and silencing of MYPT1.  HepG2 cells and human embryonal 
kidney (tsA201) cells from The European Collection of Cell Cultures were grown as described13. All materi-
als used for cell culture were purchased from PAA Laboratories, AustriaThe endogenous MYPT1 protein level 
was knocked down using double-stranded siRNAs (Table S5, Thermo Scientific Inc.) and a non-target sequence 
(ON-TARGETplus Non-targeting siRNA #1 from Thermo Scientific Inc.) with the G–C content of siMYPT1 
sequences was used as a control. TsA201 cells were transfected with pReceiver-M11 plasmids for overexpression. 
Protocols are detailed in the Supplementary Methods. The cell lysis and protein measurement were performed as 
described before14.

HepG2 fractionation method.  HepG2 cells were grown to 80% confluency, washed with ice-cold PBS, 
collected and centrifuged at 4 °C at 1,500 ×​ g for 3 min. After the removal of PBS cells were homogenized in 400 μ​l  
buffer A by suspending with a 26 gauge needle 10 times using a 1 ml syringe. The lysate was vortexed for 15 sec. 
The efficiency of lysis was judged by trypan blue staining monitoring intact nuclei. The lysate was centrifuged 
at 4 °C at 16,000 ×​ g for 1 min and the supernatant was used as cytosolic fraction. The pellet was resuspended 
in 200 μ​l buffer A and passed through the 26G needle 10 times as a washing step. After centrifugation at 4 °C at 
16,000 ×​ g for 1 min 100 μ​l buffer B was added to the pellet and sonicated and used as nuclear fraction.

Cell viability and caspase assays.  HepG2 cells were grown in 96-well plates to determine viability by 
MTT assay and caspase-3 activity and were carried out as detailed before53.

Immunoblotting.  SDS-PAGE and immunoblotting were carried out as describe previously13. For quantita-
tive comparisons samples derived from the same experiments. For quantification of PRMT5-Thr80 phosphoryla-
tion membranes were stripped and assayed for PRMT5 content as it is described on the Supplementary Methods. 
Internal controls were either assayed on the same gel or were processed in parallel. Densitometry of the proteins 
of interest were performed by Image J. 1.46 and normalized to an internal control protein and plotted as relative 
numbers as detailed in figure legends.

Immunofluorescence microscopy.  HepG2 cells were grown on rat tail collagen-coated coverslips (BD 
Biosciences) and fixed using 4% paraformaldehyde and treated as described53. Primary and secondary antibodies 

Figure 6.  MP plays a tumorsuppressor role and antagonizes ROK in HCC. We hypothesize that MP and 
ROK are involved in gene expression. Under normal conditions MP modulates symmetrical dimethylation of 
histone core proteins in cell nucleus via dephosphorylation of PRMT5 at its activatory phosphorylation site 
(Thr80) causing changes in gene expression. In tumor cells inhibitory phosphorylation of MP on Thr850 is 
increased leading to higher phosphorylation level of PRMT5 at Thr80 by ROK. Activated PRMT5 provokes gene 
repression by raising symmetrical dimethylation of histone H4 Arg3 that triggers proto-oncogene activation 
and tumor formation.
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were applied in 1:100 and 1:200 dilutions, respectively. DAPI (1:2000) were added as a nuclear marker as indi-
cated in figure legends. Images were taken by Leica X8 confocal microscope and were processed using Leica X8 
software program and PhotoShop Imaging software.

Surface Plasmon resonance (SPR).  SPR-based binding studies were carried out using a Biacore 3000 
instrument to monitor the interaction of MYPT1 with PRMT5. GST-MYPT11-1004 and GST-MYPT1667-1004 were 
immobilized on anti-GST coupled CM5 sensorchip54. FT-PRMT5 was injected over the surfaces in various con-
centrations and the responses recorded. Binding of FT-PRMT5 was characterized by kinetic parameters and 
association constant (Ka) values determined by BIAevaluation 3.1 software.

Site-directed mutagenesis.  Expression vector pReceiver-M11 encoding wild-type human full-length 
PRMT5 (NM_006109.3) transcript variant 1 was purchased from GeneCopoeia Inc., USA. Point mutations of 
PRMT5T80A in pReceiver-M11 were performed using QuickChange II XL Site-Directed Mutagenesis Kit accord-
ing to the manufacturer’s instructions (Agilent Technologies). Primer pairs are listed in Table S3. The sequence of 
mutants were verified by DNA sequencing, primers are listed in Table S4.

Immunoprecipitation and pull-down assays.  For LC-MS/MS analysis of FT-MYPT1 interacting pro-
teins FT-MYPT1 and Flag-peptide as control were bound to anti-Flag M2 affinity gel. The samples were pre-
cleared on the anti-Flag M2 affinity gel prior to affinity isolation. After washing with Tris-buffered saline solution 
(TBS) three times, beads were incubated with HepG2 nuclear extract for 2 hr on 4 °C. The FT-MYPT1 was 
eluted with 300 μ​g/ml Flag-peptide from the beads with the anchored proteins. Eluted samples were subjected to 
SDS-PAGE. Bands of interest were visualized by MS compatible silver staining and the proteins were subjected 
to in-gel digestion using trypsin. No proteins other than human keratin contamination were identified from the 
control samples.

For immunoprecipitation (IP) anti-MYPT1-296 and -PRMT5 antibodies were incubated with Protein-A 
Sepharose (GE Healthcare) as described before14. The blots were developed with anti-MYPT1-296and anti-PRMT5 
antibodies followed by Clean-blot IP detection reagent (HRP).

In vitro protein arginine methyltransferase assay.  FT-PRMT5wt was bound to anti-Flag M2 
affinity gel following phosphorylation by protein kinases and was applied for the methylation assay. 2 μ​M 
S-adenosyl-L-methionine and 0.02 mg/ml of histone mixture from calf thymus (Roche) were added to the reac-
tion in a total volume of 50 μ​l. Methylation reaction was allowed to proceed for 2 hours at 30 °C in the presence 
or in the absence of 5 nM recombinant PP1cδ​51, 25 nM FT-MYPT1 or the combination of PP1cδ​ and FT-MYPT1 
(assumed as MP holoenzyme). Products of the methylation reactions were analysed by Western blots using anti-
bodies specific for symmetrical dimethylation of H2A Arg3 and H4 Arg3. Membranes were stripped on 50 °C for 
30 min in stripping buffer in every case and were assayed with anti-H2A and anti-H4 antibodies as input controls. 
Changes of symmetrical dimethylation levels were calculated by densitometry normalized to histone H2A and 
histone H4 internal controls. Methyltransferase assay was also carried out with colorimetric Epigenase PRMT 
methyltransferase type II-specific assay kit (Epigentech) following the instructions of the manufacturer.

Protein kinase and protein phosphatase assays.  Phosphorylation of recombinant human PRMT5 
(Sino Biological Inc.) was initiated by 0.2 mM 32P-ATP or for LC-MS/MS analysis by 0.5 mM ATP in the absence 
(control) or in the presence of 0.4 U/ml ROK (Upstate, Millipore), 0.1 μ​g/ml PKA or 0.1 μ​g/ml PKC at 30 °C for 
120 min. ROK was applied in buffer C and all kinase assay buffers contained 1 μ​M mycrocystin-LR (MC-LR). 
PKA and PKC assay buffer are described in Supplementary Methods. The reaction mixtures were subjected to 
SDS-PAGE and bands were detected by autoradiography or visualized by MS/MS compatible silver staining and 
were cut out and subjected to LC-MS/MS analysis.

Phosphorylation reaction by ROK (0.4 U/ml) was also carried out in the absence or in the presence of 10 μ​M  
H1152 with 0.5 mM ATP, 5mM MgCl2 and 1 μ​M MC-LR at 30 °C using FT-PRMT5wt bound to anti-Flag 
M2 affinity gel. After 15 min incubation kinase assay medium was removed and beads were washed by TBS. 
Dephosphorylation of ROK-phosphorylated FT-PRMT5wt bound to the beads (the product of the kinase assay) 
was initiated by adding 25 nM FT-MYPT1, 5 nM rPP1cδ​ or the combination of these two proteins at 30 °C for 
15 min, then the beads were washed by TBS and the bound (eluted??) proteins were subjected to SDS-PAGE. 
Bands were detected by autoradiography or visualized by MS/MS compatible silver staining. Bands of PRMT5 
were cut out and subjected to in-gel digestion using trypsin. Approximately 80% of the peptide mixtures were 
subjected to phosphopeptide enrichment using TiO2

55, then the phosphopeptide fractions as well as the remain-
ing 20% of the original samples were analyzed by data-dependent LC-MS/MS using an Orbitrap Elite mass spec-
trometer (MS spectra acquired in the Orbitrap, MS/MS spectra in the linear ion trap). Phosphorylation level of 
Thr80 of PRMT5 was detected by phospho-PRMT5T80 specific antibody on Western blots and analysed by densi-
tometry normalized to the PRMT5 input using Image J. (NIH) software.

Gene expression analysis.  Total RNA was extracted from non-target control and MYPT1 silenced HepG2 
cells using TRIzol reagent (Invitrogen) as described in the manufacturer’s protocol. NanoDrop ND-1000 spectro-
photometer (Thermo Scientific) was used to determine the RNA concentration. RNA was treated with RNase free 
DNase I (Thermo Scientific) and reverse transcription was performed with qPCRBIO cDNA synthesis kit (PCR 
Biosystems). PCR amplification was carried out with Maxima Hot Start PCR Master Mix (Thermo Scientific) 
based on manufacturer’s protocol. RT-PCR products were analyzed by agarose gel electrophoresis. The expression 
level of the genes of interest were performed by Image J. 1.46, normalized to GAPDH and represented as relative 
numbers. The primer pairs used in the RT-PCR experiments are summarized in Table S8.
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Microarray processing and data analysis.  Expression pattern of non-target and MYPT1 silenced HepG2 
cells was examined and analysed as detailed before53 using total RNA extracted as described in the previous sec-
tion. Statistically significant difference was considered at p <​ 0.05 and fold change cut off value was 1.5.

LC-MS/MS analysis.  Bands of interest were subjected to in-gel digestion using side-chain protected porcine 
trypsin (37 °C, 4 h) [http://msf.ucsf.edu/ingel.html]. For the identification of MYPT1 interacting proteins, the 
resulting peptide mixtures were analyzed directly by data-dependent „triple play” LC-MS/MS using a 3D-ion trap 
mass spectrometer (LCQ-Fleet, Thermo). Identification of MYPT1 interacting proteins and the PRMT5 phospho-
rylation sites from LC-MS/MS data were detailed in the Supplementary Methods section.

Tissue array analysis.  SomaPlex reverse phase protein microarray slides containing human liver and nor-
mal tissue samples from 25 clinical cases and 15 common cancer cell line lysates in triplicates were purchased 
from Protein Biotechnologies. Microarray slides were handled following the manufacturer’s instructions as 
detailed in Supplementary Methods. Dots of interest were analysed by densitometry and were all normalized to 
their adequate tubulin internal control. Values of the phosphorylation of PRMT5 at Thr80, -MYPT at Thr850 and 
H2AR3me2s were normalized to PRMT5, MYPT and H2A, respectively. Values of cancer tissues were related to 
normal tissue data and plotted as relative numbers.

Statistical analysis.  Normalized data were analyzed using either Student’s t-test (for two groups) or analysis 
of variance (one-way ANOVA, for >​2 groups). Post hoc testing for one-way ANOVA was determined by Tukey’s 
test. Parametric statistical tests were used if the assumptions of such tests were met. All normalized variables 
used in statistical analyses were found to be normally distributed. Tests were conducted using GraphPad for 
Windows. All data presented in this work represent mean ±​ SEM, n means the number of independently per-
formed experiments.

References
1.	 Hou, J. et al. Hepatic RIG-I predicts survival and interferon-alpha therapeutic response in hepatocellular carcinoma. Cancer cell 25, 

49–63, doi: 10.1016/j.ccr.2013.11.011 (2014).
2.	 Peti, W., Nairn, A. C. & Page, R. Structural basis for protein phosphatase 1 regulation and specificity. The FEBS journal 280, 596–611, 

doi: 10.1111/j.1742-4658.2012.08509.x (2013).
3.	 Nagao, M. et al. Role of protein phosphatases in malignant transformation. Princess Takamatsu symposia 20, 177–184 (1989).
4.	 Dombradi, V., Axton, J. M., Barker, H. M. & Cohen, P. T. Protein phosphatase 1 activity in Drosophila mutants with abnormalities 

in mitosis and chromosome condensation. FEBS Lett 275, 39–43 (1990).
5.	 Berndt, N. Protein dephosphorylation and the intracellular control of the cell number. Frontiers in bioscience: a journal and virtual 

library 4, D22–42 (1999).
6.	 Suganuma, M. et al. Okadaic acid: an additional non-phorbol-12-tetradecanoate-13-acetate-type tumor promoter. Proceedings of the 

National Academy of Sciences of the United States of America 85, 1768–1771 (1988).
7.	 Cohen, P. T. Protein phosphatase 1–targeted in many directions. Journal of cell science 115, 241–256 (2002).
8.	 Heroes, E. et al. The PP1 binding code: a molecular-lego strategy that governs specificity. The FEBS journal 280, 584–595, doi: 

10.1111/j.1742-4658.2012.08547.x (2013).
9.	 Hartshorne, D. J., Ito, M. & Erdodi, F. Myosin light chain phosphatase: subunit composition, interactions and regulation. J Muscle 

Res Cell Motil 19, 325–341 (1998).
10.	 Boudrez, A. et al. Identification of MYPT1 and NIPP1 as subunits of protein phosphatase 1 in rat liver cytosol. FEBS Lett 455, 

175–178 (1999).
11.	 Somlyo, A. P. & Somlyo, A. V. Ca2+​ sensitivity of smooth muscle and nonmuscle myosin II: modulated by G proteins, kinases, and 

myosin phosphatase. Physiological reviews 83, 1325–1358, doi: 10.1152/physrev.00023.2003 (2003).
12.	 Matsumura, F. & Hartshorne, D. J. Myosin phosphatase target subunit: Many roles in cell function. Biochemical and biophysical 

research communications 369, 149–156, doi: 10.1016/j.bbrc.2007.12.090 (2008).
13.	 Lontay, B., Kiss, A., Gergely, P., Hartshorne, D. J. & Erdodi, F. Okadaic acid induces phosphorylation and translocation of myosin 

phosphatase target subunit 1 influencing myosin phosphorylation, stress fiber assembly and cell migration in HepG2 cells. Cell 
Signal 17, 1265–1275, doi: 10.1016/j.cellsig.2005.01.008 (2005).

14.	 Lontay, B. et al. Localization of myosin phosphatase target subunit 1 in rat brain and in primary cultures of neuronal cells. J Comp 
Neurol 478, 72–87, doi: 10.1002/cne.20273 (2004).

15.	 Yamashiro, S. et al. Myosin phosphatase-targeting subunit 1 regulates mitosis by antagonizing polo-like kinase 1. Developmental cell 
14, 787–797, doi: 10.1016/j.devcel.2008.02.013 (2008).

16.	 Parra, M., Mahmoudi, T. & Verdin, E. Myosin phosphatase dephosphorylates HDAC7, controls its nucleocytoplasmic shuttling, and 
inhibits apoptosis in thymocytes. Genes & development 21, 638–643, doi: 10.1101/gad.1513107 (2007).

17.	 Jin, H., Sperka, T., Herrlich, P. & Morrison, H. Tumorigenic transformation by CPI-17 through inhibition of a merlin phosphatase. 
Nature 442, 576–579, doi: 10.1038/nature04856 (2006).

18.	 Kiss, A. et al. Myosin phosphatase interacts with and dephosphorylates the retinoblastoma protein in THP-1 leukemic cells: its 
inhibition is involved in the attenuation of daunorubicin-induced cell death by calyculin-A. Cell Signal 20, 2059–2070, doi: 
10.1016/j.cellsig.2008.07.018 (2008).

19.	 Okamoto, R. et al. The targeted disruption of the MYPT1 gene results in embryonic lethality. Transgenic research 14, 337–340 (2005).
20.	 Muranyi, A. et al. Phosphorylation of Thr695 and Thr850 on the myosin phosphatase target subunit: inhibitory effects and 

occurrence in A7r5 cells. FEBS Lett 579, 6611–6615, doi: 10.1016/j.febslet.2005.10.055 (2005).
21.	 Muranyi, A. et al. Phosphorylation of the myosin phosphatase target subunit by integrin-linked kinase. Biochem J 366, 211–216,  

doi: 10.1042/BJ20020401 (2002).
22.	 Loirand, G., Guerin, P. & Pacaud, P. Rho kinases in cardiovascular physiology and pathophysiology. Circulation research 98, 

322–334, doi: 10.1161/01.RES.0000201960.04223.3c (2006).
23.	 Takeba, Y. et al. The Rho kinase inhibitor fasudil is involved in p53-mediated apoptosis in human hepatocellular carcinoma cells. 

Cancer chemotherapy and pharmacology 69, 1545–1555, doi: 10.1007/s00280-012-1862-6 (2012).
24.	 Takamura, M. et al. Inhibition of intrahepatic metastasis of human hepatocellular carcinoma by Rho-associated protein kinase 

inhibitor Y-27632. Hepatology 33, 577–581, doi: 10.1053/jhep.2001.22652 (2001).
25.	 Itoh, K. et al. An essential part for Rho-associated kinase in the transcellular invasion of tumor cells. Nature medicine 5, 221–225, 

doi: 10.1038/5587 (1999).

http://msf.ucsf.edu/ingel.html


www.nature.com/scientificreports/

1 4Scientific Reports | 7:40590 | DOI: 10.1038/srep40590

26.	 Rath, N. & Olson, M. F. Rho-associated kinases in tumorigenesis: re-considering ROCK inhibition for cancer therapy. EMBO reports 
13, 900–908, doi: 10.1038/embor.2012.127 (2012).

27.	 Sheng, X. & Wang, Z. Protein arginine methyltransferase 5 regulates multiple signaling pathways to promote lung cancer cell 
proliferation. BMC Cancer 16, 567, doi: 10.1186/s12885-016-2632-3 (2016).

28.	 McBride, A. E., Weiss, V. H., Kim, H. K., Hogle, J. M. & Silver, P. A. Analysis of the yeast arginine methyltransferase Hmt1p/Rmt1p 
and its in vivo function. Cofactor binding and substrate interactions. The Journal of biological chemistry 275, 3128–3136 (2000).

29.	 Mellacheruvu, D. et al. The CRAPome: a contaminant repository for affinity purification-mass spectrometry data. Nature methods 
10, 730–736, doi: 10.1038/nmeth.2557 (2013).

30.	 Di Lorenzo, A. & Bedford, M. T.Histone arginine methylation. FEBS Lett 585, 2024–2031, doi: 10.1016/j.febslet.2010.11.010 
(2011).

31.	 Feng, Y. et al. Histone H4 acetylation differentially modulates arginine methylation by an in Cis mechanism. J Biol Chem 286, 
20323–20334, doi: 10.1074/jbc.M110.207258 (2011).

32.	 Witkiewicz, A. K. & Knudsen, E. S. Retinoblastoma tumor suppressor pathway in breast cancer: prognosis, precision medicine, and 
therapeutic interventions. Breast cancer research: BCR 16, 207, doi: 10.1186/bcr3652 (2014).

33.	 Shalaby, T. & Grotzer, M. A. MYC as Therapeutic Target for Embryonal Tumors: Potential and Challenges. Current cancer drug 
targets 16, 2–21 (2015).

34.	 Gkountela, S., Li, Z., Chin, C. J., Lee, S. A. & Clark, A. T. PRMT5 is required for human embryonic stem cell proliferation but not 
pluripotency. Stem cell reviews 10, 230–239, doi: 10.1007/s12015-013-9490-z (2014).

35.	 Zhang, B. et al. Targeting protein arginine methyltransferase 5 inhibits human hepatocellular carcinoma growth via the 
downregulation of beta-catenin. Journal of translational medicine 13, 349, doi: 10.1186/s12967-015-0721-8 (2015).

36.	 Sheng, X., Bowen, N. & Wang, Z. GLI pathogenesis-related 1 functions as a tumor-suppressor in lung cancer. Molecular cancer 15, 
25, doi: 10.1186/s12943-016-0508-4 (2016).

37.	 Liu, F. et al. JAK2V617F-mediated phosphorylation of PRMT5 downregulates its methyltransferase activity and promotes 
myeloproliferation. Cancer cell 19, 283–294, doi: 10.1016/j.ccr.2010.12.020 (2011).

38.	 Antonysamy, S. et al. Crystal structure of the human PRMT5:MEP50 complex. Proceedings of the National Academy of Sciences of the 
United States of America 109, 17960–17965, doi: 10.1073/pnas.1209814109 (2012).

39.	 Krause, C. D. et al. Protein arginine methyltransferases: evolution and assessment of their pharmacological and therapeutic 
potential. Pharmacology & therapeutics 113, 50–87, doi: 10.1016/j.pharmthera.2006.06.007 (2007).

40.	 Saha, K., Adhikary, G. & Eckert, R. L. MEP50/PRMT5 Reduces Gene Expression by Histone Arginine Methylation and this Is 
Reversed by PKCdelta/p38delta Signaling. The Journal of investigative dermatology 136, 214–224, doi: 10.1038/JID.2015.400 
(2016).

41.	 Pal, S. et al. Low levels of miR-92b/96 induce PRMT5 translation and H3R8/H4R3 methylation in mantle cell lymphoma. The EMBO 
journal 26, 3558–3569, doi: 10.1038/sj.emboj.7601794 (2007).

42.	 Richard, S., Morel, M. & Cleroux, P. Arginine methylation regulates IL-2 gene expression: a role for protein arginine 
methyltransferase 5 (PRMT5). Biochem J 388, 379–386, doi: 10.1042/BJ20040373 (2005).

43.	 Wang, L., Pal, S. & Sif, S. Protein arginine methyltransferase 5 suppresses the transcription of the RB family of tumor suppressors in 
leukemia and lymphoma cells. Molecular and cellular biology 28, 6262–6277, doi: 10.1128/MCB.00923-08 (2008).

44.	 Uribesalgo, I., Benitah, S. A. & Di Croce, L. From oncogene to tumor suppressor: the dual role of Myc in leukemia. Cell cycle 11, 
1757–1764, doi: 10.4161/cc.19883 (2012).

45.	 Yuen, M. F., Wu, P. C., Lai, V. C., Lau, J. Y. & Lai, C. L. Expression of c-Myc, c-Fos, and c-jun in hepatocellular carcinoma. Cancer 91, 
106–112 (2001).

46.	 Zha, Y., Gan, P., Yao, Q., Ran, F. M. & Tan, J. Downregulation of Rap1 promotes 5-fluorouracil-induced apoptosis in hepatocellular 
carcinoma cell line HepG2. Oncology reports 31, 1691–1698, doi: 10.3892/or.2014.3033 (2014).

47.	 Wong, C. C. et al. Deleted in liver cancer 1 (DLC1) negatively regulates Rho/ROCK/MLC pathway in hepatocellular carcinoma. 
PLoS One 3, e2779, doi: 10.1371/journal.pone.0002779 (2008).

48.	 Yang, X., Zheng, F., Zhang, S. & Lu, J. Loss of RhoA expression prevents proliferation and metastasis of SPCA1 lung cancer cells  
in vitro. Biomedicine & pharmacotherapy =​ Biomedecine & pharmacotherapie 69, 361–366, doi: 10.1016/j.biopha.2014.12.004 (2015).

49.	 Zhang, J. G. et al. Incarvine C suppresses proliferation and vasculogenic mimicry of hepatocellular carcinoma cells via targeting 
ROCK inhibition. BMC Cancer 15, 814, doi: 10.1186/s12885-015-1809-5 (2015).

50.	 Genda, T. et al. Cell motility mediated by rho and Rho-associated protein kinase plays a critical role in intrahepatic metastasis of 
human hepatocellular carcinoma. Hepatology 30, 1027–1036, doi: 10.1002/hep.510300420 (1999).

51.	 Kiss, E. et al. Integrin-linked kinase phosphorylates the myosin phosphatase target subunit at the inhibitory site in platelet 
cytoskeleton. Biochem J 365, 79–87, doi: 10.1042/BJ20011295 (2002).

52.	 Toth, A. et al. Study of the subunit interactions in myosin phosphatase by surface plasmon resonance. European journal of 
biochemistry/FEBS 267, 1687–1697 (2000).

53.	 Dedinszki, D. et al. Protein phosphatase-1 is involved in the maintenance of normal homeostasis and in UVA irradiation-induced 
pathological alterations in HaCaT cells and in mouse skin. Biochimica et biophysica acta 1852, 22–33, doi: 10.1016/j.
bbadis.2014.11.005 (2015).

54.	 Kolozsvari, B. et al. Calcineurin regulates endothelial barrier function by interaction with and dephosphorylation of myosin 
phosphatase. Cardiovascular research 96, 494–503, doi: 10.1093/cvr/cvs255 (2012).

55.	 Larsen, M. R., Thingholm, T. E., Jensen, O. N., Roepstorff, P. & Jorgensen, T. J. Highly selective enrichment of phosphorylated 
peptides from peptide mixtures using titanium dioxide microcolumns. Molecular & cellular proteomics: MCP 4, 873–886, doi: 
10.1074/mcp.T500007-MCP200 (2005).

56.	 Biemann, K. Appendix 5. Nomenclature for peptide fragment ions (positive ions). Methods in enzymology 193, 886–887 (1990).

Acknowledgements
This work was supported by grants from the Hungarian Scientific Research Fund OTKA PD104878 and K109249, 
the Hungarian Academy of Sciences and from the University of Debrecen (RH/751/2015). We acknowledge the 
help of Szilárd Póliska (UD Genomed, Debrecen, Hungary) in microarray analysis, Beatrix Dienes for her help in 
confocal microscopy and Zoltan Kónya for the preparation of rPP1cδ​. The authors are indebted to Ágnes Németh, 
Andrea Docsa and Ágota Kelemen for their technical assistance.

Author Contributions
B.L. and A.S., designed the study; K.M. and Zs.D. conducted proteomic analysis, B.B. performed the SPR studies, 
I.T., D.H. and J.I. completed experiments for Figs 4, S2 and S6. A.S. performed experiments and analysed data for 
Figs 1–3, 5–6., Table 1. and Supplementary figures and tables. B.L., A.S., Zs.D., F.E. wrote the paper. All author 
reviewed the manuscript.



www.nature.com/scientificreports/

1 5Scientific Reports | 7:40590 | DOI: 10.1038/srep40590

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sipos, A. et al. Myosin phosphatase and RhoA-activated kinase modulate arginine 
methylation by the regulation of protein arginine methyltransferase 5 in hepatocellular carcinoma cells. Sci. Rep. 
7, 40590; doi: 10.1038/srep40590 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Myosin phosphatase and RhoA-activated kinase modulate arginine methylation by the regulation of protein arginine methyltran ...
	Results

	MYPT1 nuclear interactome: interaction with PRMT5 of the methylosome complex. 
	PRTM5 of the methylosome complex interacts with MP through the N-terminal region in MYPT1. 
	PRMT5 is a substrate of ROK and MP and its methyltransferase activity is regulated via phosphorylation/dephosphorylation of ...
	Silencing of MYPT1 increased H2A and H4 Arg3 dimethylation and PRMT5 phosphorylation at Thr80 in HepG2 cells. 
	Silencing of MYPT1 results in altered gene expression pattern and downregulates the expression of tumor suppressors in HepG ...
	Myosin phosphatase is involved in the regulation of gene expression through the suppression mark of PRMT5 on histone 2A and ...

	Discussion

	Material and Methods

	Chemicals and antibodies. 
	Recombinant proteins. 
	Cell cultures, transient transfections and silencing of MYPT1. 
	HepG2 fractionation method. 
	Cell viability and caspase assays. 
	Immunoblotting. 
	Immunofluorescence microscopy. 
	Surface Plasmon resonance (SPR). 
	Site-directed mutagenesis. 
	Immunoprecipitation and pull-down assays. 
	In vitro protein arginine methyltransferase assay. 
	Protein kinase and protein phosphatase assays. 
	Gene expression analysis. 
	Microarray processing and data analysis. 
	LC-MS/MS analysis. 
	Tissue array analysis. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Interaction of MYPT1 with PRMT5.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ ROK and MP regulate the methyltransferase activity of PRMT5 through phosphorylation/dephosphorylation at Thr80.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effect of MYPT1 silencing on the methyltransferase activity of PRMT5 in HepG2 cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Microarray analysis of MYPT1-silenced HepG2 cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Protein expression profile of HCC and other cancer cell lines.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ MP plays a tumorsuppressor role and antagonizes ROK in HCC.
	﻿Table 1﻿﻿. ﻿  FT-MYPT1 binding proteins of HepG2 nuclear fraction.



 
    
       
          application/pdf
          
             
                Myosin phosphatase and RhoA-activated kinase modulate arginine methylation by the regulation of protein arginine methyltransferase 5 in hepatocellular carcinoma cells
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40590
            
         
          
             
                Adrienn Sipos
                Judit Iván
                Bálint Bécsi
                Zsuzsanna Darula
                István Tamás
                Dániel Horváth
                Katalin F. Medzihradszky
                Ferenc Erdődi
                Beáta Lontay
            
         
          doi:10.1038/srep40590
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep40590
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep40590
            
         
      
       
          
          
          
             
                doi:10.1038/srep40590
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40590
            
         
          
          
      
       
       
          True
      
   




