
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Phosphorylation of PBX2, a novel downstream
target of mTORC1, is determined by GSK3 and PP1

和田, 玲緒名

https://hdl.handle.net/2324/6787497

出版情報：Kyushu University, 2022, 博士（医学）, 課程博士
バージョン：
権利関係：Public access to the fulltext file is restricted for unavoidable reason (2)



 1 

Regular Paper/Biochemistry 1 

 2 

Phosphorylation of PBX2, a novel downstream target 3 

of mTORC1, is determined by GSK3 and PP1 4 

 5 

Reona Wada1, Shun Fujinuma1, Hirokazu Nakatsumi1, Masaki Matsumoto1,2 and 6 

Keiichi I. Nakayama1* 7 

 8 
1Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, 9 

Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan 10 
2Department of Omics and Systems Biology, Graduate School of Medical and Dental 11 

Sciences, Niigata University, 757 Ichibancho, Asahimachi-dori, Chuo-ku, Niigata City, 12 

Niigata 951-8510, Japan 13 

 14 
*Correspondence: Keiichi I. Nakayama, Department of Molecular and Cellular Biology, 15 

Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi, Higashi-ku, 16 

Fukuoka, Fukuoka 812-8582, Japan. Tel.:+81-92-642-6815. Fax: +81-92-642-6819. 17 

Email: nakayak1@bioreg.kyushu-u.ac.jp 18 

 19 

Running head: Indirect PBX2 dephosphorylation by mTORC1 20 

 21 

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; 22 

ERK, extracellular signal–regulated kinase; FOXK1, forkhead box K1; GSK3, glycogen 23 

synthase kinase 3; HA, hemagglutinin; LARP1, La-related protein 1; MEK, ERK 24 

kinase; mTORC1, mechanistic target of rapamycin complex 1; PBS, phosphate-buffered 25 

saline; PBX2, pre–B cell leukemia transcription factor 2; PI3K, phosphoinositide 3-26 

kinase; PDK1, phosphoinositide-dependent protein kinase 1; PP1, protein phosphatase 27 

1; PP2A, protein phosphatase 2A; RAG, RAS‐related GTP‐binding protein; RHEB, Ras 28 

homolog enriched in Brain; shRNA, short hairpin RNA; siRNA, small interfering RNA; 29 

TBC1D7, TBC1 (TRE2-BUB2- CDC16) domain family member 7; TSC2, tuberous 30 

sclerosis complex 2; WT, wild-type.  31 



 2 

Summary 32 

Mechanistic target of rapamycin complex 1 (mTORC1) is a serine-threonine 33 

kinase that is activated by extracellular signals such as nutrients and growth 34 

factors. It plays a key role in the control of various biological processes such as 35 

protein synthesis and energy metabolism by mediating or regulating the 36 

phosphorylation of multiple target molecules, some of which remain to be 37 

identified. We have here reanalyzed a large-scale phosphoproteomics data set for 38 

mTORC1 target molecules and identified pre–B cell leukemia transcription factor 39 

2 (PBX2) as such a novel target that is dephosphorylated downstream of 40 

mTORC1. We confirmed that PBX2, but not other members of the PBX family, is 41 

dephosphorylated in an mTORC1 activity–dependent manner. Furthermore, 42 

pharmacological and gene knockdown experiments revealed that glycogen 43 

synthase kinase 3 (GSK3) and protein phosphatase 1 (PP1) are responsible for the 44 

phosphorylation and dephosphorylation of PBX2, respectively. Our results thus 45 

suggest that the balance between the antagonistic actions of GSK3 and PP1 46 

determines the phosphorylation status of PBX2 and its regulation by mTORC1. 47 

 48 

Keywords: glycogen synthase kinase 3 (GSK3); mechanistic target of rapamycin 49 

complex 1 (mTORC1); pre–B cell leukemia transcription factor 2 (PBX2); 50 

phosphorylation; protein phosphatase 1 (PP1). 51 
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Mechanistic target of rapamycin complex 1 (mTORC1) is a serine-threonine kinase that 53 

regulates cellular responses to nutrient-related signals such as insulin and amino acids 54 

(1-3). Such signals activate mTORC1 on the cytoplasmic side of the lysosomal 55 

membrane (1,2,4), and the activated complex subsequently phosphorylates a variety of 56 

substrates, many of which regulate protein synthesis, autophagy, or metabolism to 57 

promote cell growth (1-3). Rapamycin, an inhibitor of mTORC1, has effects on cancer, 58 

immunity, and longevity (5-7), with these effects being largely dependent on attenuation 59 

of the mTORC1-mediated phosphorylation of downstream molecules. In addition to its 60 

classical function as a direct mediator of protein phosphorylation, recent studies 61 

including phosphoproteomics analyses have shown that mTORC1 also promotes 62 

dephosphorylation of downstream molecules in an indirect manner (8-11). We 63 

previously showed that dephosphorylation of the transcription factor FOXK1 (forkhead 64 

box K1) is regulated by mTORC1 and results in transcriptional activation of the gene 65 

for C-C chemokine ligand 2 (CCL2), an inflammatory chemokine that triggers the 66 

accumulation of monocytes and macrophages at sites of inflammation and thereby 67 

promotes tumor growth (9). Although mTORC1 plays a key regulatory role in various 68 

biological processes, many of its substrates remain to be identified, which has limited 69 

overall understanding of such regulation. The identification of novel targets of 70 

mTORC1 and elucidation of their mechanisms of action are expected to provide insight 71 

into complex molecular pathways subject to regulation by this kinase. 72 

In the present study, we have reanalyzed our previously reported 73 

phosphoproteomics data obtained in a large-scale search for mTORC1 target molecules 74 

(9) and have identified pre–B cell leukemia transcription factor 2 (PBX2) as such a 75 

novel target. PBX proteins are transcription factors that belong to the highly conserved 76 

TALE (three amino acid loop extension) family, with four paralogs (PBX1, PBX2, 77 

PBX3, and PBX4) having been identified in human and mouse. PBX2 is expressed in a 78 

variety of tissues and is thought to regulate the expression of many genes as a 79 

homeobox cofactor that contributes to the control of development and cell 80 

differentiation (12-14). PBX2 is also highly expressed in many cancer types, with such 81 

high expression being associated with poor prognosis, especially in gastric cancer, 82 

esophageal squamous cell carcinoma, non–small cell lung cancer, and gingival 83 

squamous cell carcinoma (15-17). Indeed, depletion of PBX2 in gastric and esophageal 84 

squamous cell carcinoma cell lines was found to inhibit colony formation in vitro and 85 
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tumorigenicity in vivo (16). In gastric cancer, PBX2 interacts with homeobox A6 86 

(HOXA6), which plays an important role in cancer growth and metastasis, with this 87 

interaction resulting in mutual protein stabilization and promotion of cancer migration 88 

and invasion (14). Given that mTORC1 is also abnormally activated in these cancer 89 

types and plays an important role in the proliferation and survival of the tumor cells 90 

(3,6,18-22), mTORC1-mediated regulation of PBX2 phosphorylation might contribute 91 

to their pathogenesis. The direct or indirect interaction between mTORC1 and PBX2 92 

and the regulation of PBX2 phosphorylation state have not been investigated, however. 93 

We now show that the phosphorylation state of PBX2 is dependent on 94 

mTORC1 activity, and that Ser330 of the mouse and human proteins is the target site for 95 

such phosphorylation. In contrast to a conventional target of mTORC1 action as a 96 

kinase, PBX2 was found to be dephosphorylated in response to mTORC1 activation. 97 

Pharmacological and gene knockdown experiments revealed that phosphorylation of 98 

PBX2 is indirectly regulated by mTORC1 and that glycogen synthase kinase 3 (GSK3) 99 

and protein phosphatase 1 (PP1) are responsible for PBX2 phosphorylation and 100 

dephosphorylation, respectively. Our results thus suggest that GSK3 and PP1 101 

antagonistically regulate PBX2 phosphorylation downstream of mTORC1. 102 

 103 

Materials and Methods 104 

Antibodies, reagents, and cell culture 105 

Antibodies for immunoblot analysis included those to the catalytic subunits of PP1 106 

(clone E-9 monoclonal) obtained from Santa Cruz Biotechnology; those to PBX2 107 

(polyclonal) from Atlas Antibodies; those to HSP90 (polyclonal) from Enzo Life 108 

Sciences; those to p70 S6 kinase (clone 49D7), to phospho–p70 S6 kinase (clone 108D2 109 

monoclonal), to 4E-BP1 (clone 53H11 monoclonal), to phospho–4E-BP1 (polyclonal), 110 

to S6 (clone 5G10 monoclonal), to phospho-S6 (polyclonal), to GSK3α/β (clone 111 

D75D3 monoclonal), to AKT (polyclonal), to phospho-AKT (clone D9E monoclonal), 112 

to ERK1/2 (polyclonal), to phospho-ERK1/2 (polyclonal), to MAPKAPK-2 113 

(polyclonal), to phospho–MAPKAPK-2 (clone 27B7 monoclonal), and to the catalytic 114 

subunits of PP2A (clone 52F8 monoclonal) from Cell Signaling Technology; and those 115 

to the HA.11 epitope tag (clone 16B12 monoclonal) from BioLegend. 116 

Immunocytofluorescence analysis was performed with the same antibodies to GSK3α/β 117 

and to the catalytic subunits of PP1 as well as with antibodies to the hemagglutinin 118 
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(HA) epitope tag (clone C29F4 monoclonal) obtained from Cell Signaling Technology. 119 

Rapamycin was obtained from LC Laboratories; Torin 1 and Go6983 from Tocris 120 

Bioscience; calyculin A from Cell Signaling Technology; LY294002, AZD6244, 121 

SB203580, and SB216763 from Selleck Chemical; AktVIII from Sigma-Aldrich; 122 

staurosporine from Wako Pure Chemical Industries; and CHIR99021 from Axon. 3T3-123 

L1 and HeLa cells were checked for mycoplasma contamination with the use of 124 

MycoAlert (Lonza), and they were cultured under an atmosphere of 5% CO2 at 37°C in 125 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 126 

serum, 1 mM sodium pyruvate, 2 mM L-glutamine, nonessential amino acids (10 ml/l, 127 

Invitrogen), 2-mercaptoethanol (50 µM), and antibiotics. The cells were maintained in 128 

medium containing a reduced serum concentration of 0.1% for 16 h before stimulation 129 

with 100 nM insulin.  130 

 131 

Retrovirus expression system 132 

Complementary DNAs encoding mouse PBX1, PBX2, PBX3, or PBX4, each with a 133 

COOH-terminal HA epitope tag, were subcloned into pMX-puro (kindly provided by T. 134 

Kitamura, The University of Tokyo, Japan) with the use of a NEBuilder HiFi DNA 135 

Assembly system (New England Biolabs). The resulting vectors were introduced into 136 

Plat-E packaging cells by transfection in order to generate recombinant retroviruses. 137 

3T3-L1 cells were infected with the retroviruses in the presence of polybrene (5 µg/ml) 138 

and were then cultured in the presence of puromycin (5 µg/ml) for selection. 139 

 140 

RNA interference 141 

Small interfering RNAs (siRNAs) specific for human PP1 catalytic subunits A (s10930), 142 

B (s10933), or C (s719) or for PP2A catalytic subunits A (s10957) or B (s10960), as 143 

well as Silencer Select Negative Control #1 as a control, were obtained from Thermo 144 

Fisher Scientific. Cells were transfected with the siRNAs with the use of Lipofectamine 145 

RNAiMAX (Invitrogen). A retroviral vector (pCX4/Hygromycin) for expression of 146 

short hairpin RNAs (shRNAs) was described previously (23), and 3T3-L1 cells were 147 

depleted of GSK3α and GSK3β with the use of a modified shRNA (miR-E) system. The 148 

target sequences were 5′-ACCCTTGGACAAAGGTGTTCAA-3′ (nucleotides 1276–149 

1297) for mouse GSK3α, 5′-ACCGATCTGTCTTGAAGAAATA-3′ (nucleotides 1312–150 

1333) for mouse GSK3β, and 5′-ACCGCCTGAAGTCTCTGATTAA-3′ (nucleotides 151 
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1309–1330) for firefly luciferase as a control. The shRNA vectors were introduced into 152 

Plat-E cells for generation of recombinant retroviruses, and 3T3-L1 cells were infected 153 

with the retroviruses in the presence of polybrene (5 µg/ml) and were then cultured in 154 

the presence of hygromycin B (300 µg/ml) for selection. 155 

 156 

Immunoblot analysis 157 

Cells were washed with ice-cold phosphate-buffered saline (PBS), lysed in a lysis buffer 158 

[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 4 mM sodium 159 

orthovanadate, 4 mM EDTA, 100 mM NaF, 100 mM sodium pyrophosphate, 1 mM 160 

phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Complete, Roche)], and 161 

fractionated by SDS-PAGE on a 10% gel or on an 8% gel supplemented with 50 µM 162 

Phos-tag
 
(NARD Institute) and 10 µM MnCl2. Divalent cations were removed from 163 

Phos-tag gels after electrophoresis by incubation twice for 5 min with transfer buffer 164 

containing 1 mM EDTA. 165 

 166 

Immunofluorescence analysis 167 

Cells were fixed for 10 min with 4% paraformaldehyde in PBS, washed three times 168 

with PBS, and incubated overnight at 4°C in staining buffer [0.45% Triton X-100 and 169 

1% BSA fraction V (Roche) in PBS] containing primary antibodies. They were then 170 

washed three times with PBS before incubation for 30 min at room temperature with 171 

Alexa Fluor 488–conjugated secondary antibodies (Invitrogen) in staining buffer. 172 

Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). The cells were 173 

examined with a laser-scanning confocal microscope (LSM700, Carl Zeiss, or BZ-174 

X800, Keyence). 175 

 176 

Statistical analysis 177 

Quantitative data are presented as means ± SEM and were analyzed with Dunnett’s test 178 

as performed with Rstudio software. A P value of <0.05 was considered statistically 179 

significant. 180 

 181 

Results 182 

Identification of PBX2 as a downstream effector of mTORC1 183 

To identify new targets of mTORC1 that are dephosphorylated in response to mTORC1 184 
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activation, we first reanalyzed large-scale phosphoproteomics data obtained in our 185 

previous study (9) for HeLa cells subjected to various conditions that activate mTORC1 186 

including stimulation with serum, insulin, or amino acids (Fig. 1A). A total of 75 187 

proteins was found to be dephosphorylated in response to serum stimulation in a 188 

manner sensitive to rapamycin but not to U0126, an inhibitor of the extracellular signal–189 

regulated kinase (ERK) kinase MEK. In addition, 1480 and 319 proteins were 190 

dephosphorylated in response to insulin or amino acid stimulation, respectively, in a 191 

time-dependent manner. Eleven of these various proteins were commonly 192 

dephosphorylated under all three conditions, and among these proteins only PBX2, 193 

FOXK1, and La-related protein 1 (LARP1) underwent dephosphorylation at the same 194 

sites under all three conditions (Fig. 1B). Given that FOXK1 (9,11,24,25) and LARP1 195 

(26) were already known to be regulated downstream of mTORC1, we focused on the 196 

mechanism underlying regulation of the phosphorylation of PBX2, which had not been 197 

previously identified as a downstream effector of mTORC1, in the present study. 198 

 199 

mTORC1-dependent dephosphorylation of PBX2 200 

We next performed Phos-tag SDS-PAGE to detect changes in the phosphorylation state 201 

of PBX2. In this approach, the interaction of the phosphate groups of phosphorylated 202 

proteins with Phos-tag slows protein migration rate, allowing the separation of 203 

phosphorylated and nonphosphorylated forms of a given protein without the use of 204 

phospho-specific antibodies (27). Immunoblot analysis after Phos-tag SDS-PAGE 205 

revealed that the electrophoretic mobility of the immunoreactive band corresponding to 206 

PBX2 was increased in response to insulin stimulation in 3T3-L1 cells (Fig. 2A), 207 

suggestive of PBX2 dephosphorylation. This mobility shift was greatly attenuated by 208 

treatment of the cells with the mTORC1 inhibitors rapamycin or Torin 1, indicative of 209 

its dependence on mTORC1 activation. Furthermore, only PBX2 among the four 210 

paralogs of the PBX family showed a change in electrophoretic mobility in response to 211 

mTORC1 activation (Fig. 2B). These results thus suggested that PBX2 is a novel target 212 

for mTORC1 activity–dependent dephosphorylation. 213 

 214 

Ser330 of PBX2 is dephosphorylated in the nucleus 215 

Our phosphoproteomics analysis revealed that Ser330 of PBX2 was dephosphorylated in 216 

an mTORC1-dependent manner (Fig. 1B). To validate this result biochemically, we 217 
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generated 3T3-L1 cells expressing a mutant (S330A) of PBX2 in which Ser330 is 218 

replaced by Ala and which mimics the Ser330-dephosphorylated form of the protein. 219 

Phos-tag SDS-PAGE and immunoblot analysis revealed that the electrophoretic 220 

mobility of the S330A mutant was not affected by the activation state of mTORC1 and 221 

was similar to that of wild-type (WT) PBX2 in cells stimulated with insulin (Fig. 3A), 222 

consistent with the notion that Ser330 of PBX2 is dephosphorylated in response to 223 

mTORC1 activation. We also generated 3T3-L1 cells expressing mutants (S330D and 224 

S330E) of PBX2 in which Ser330 is replaced by Asp or Glu and which mimic the Ser330-225 

phosphorylated form of the protein. Phos-tag SDS-PAGE and immunoblot analysis 226 

revealed that the electrophoretic mobility of the S330D mutant was also not affected by 227 

mTORC1 activation status and was similar to that of the S330A mutant, suggesting that 228 

Asp did not interact with Phos-tag. 229 

PBX2 and mTORC1 differ in their subcellular localizations, with the former 230 

localizing predominantly to the nucleus (28) and the latter to the cytoplasm (29). Given 231 

that PBX2 is dephosphorylated in an mTORC1-dependent manner, we examined 232 

whether its subcellular localization might be dependent on its phosphorylation state. 233 

However, immunocytofluorescence staining revealed that WT and S330A, S330D, and 234 

S330E mutant forms of PBX2 were all localized to the nucleus in 3T3-L1 cells (Fig. 235 

3B). Consistent with this observation, the subcellular localization of PBX2(WT) was 236 

not affected by treatment of cells with rapamycin, Torin 1, or insulin (Fig. 3C and D), 237 

suggesting that PBX2 localizes to the nucleus regardless of the phosphorylation state of 238 

Ser330. Together, our results thus indicated that PBX2 dephosphorylation occurs in the 239 

nucleus as a result of an indirect action of mTORC1, and that signaling between 240 

mTORC1 in the cytoplasm and PBX2 in the nucleus may be mediated by some 241 

unidentified factor. 242 

 243 

mTORC1 regulates PBX2 phosphorylation through GSK3 244 

Our finding that Ser330 of PBX2 is phosphorylated in cells in which mTORC1 is 245 

inactive suggested the presence of another kinase that phosphorylates PBX2. To 246 

identify such a kinase, we examined the effects of various kinase inhibitors on the 247 

phosphorylation of PBX2 at Ser330 in 3T3-L1 cells exposed to both insulin and Torin 1. 248 

Treatment of the cells with staurosporine, a broad-spectrum kinase inhibitor, attenuated 249 

the signal intensity of the band corresponding to Ser330-phosphorylated PBX2 and 250 
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increased that of the band corresponding to the Ser330-dephosphorylated protein in a 251 

concentration-dependent manner (Fig. 4A). On the other hand, inhibitors of 252 

phosphatidylinositol 3-kinase (LY294002) and AKT (AktVIII), both of which function 253 

upstream of mTORC1, had no effect on the phosphorylation state of PBX2. Given that 254 

insulin-stimulated phosphorylation of Ser473 of AKT was shown to be mediated by 255 

mTORC2 (30), Torin 1 treatment inhibited the phosphorylation of Ser473 of AKT. We 256 

also found that a protein kinase C inhibitor (Go6983) partially inhibited Ser330-257 

phosphorylation of PBX2, whereas inhibitors of MEK (AZD6244) and p38 mitogen-258 

activated protein kinase (SB203580) had no effect on PBX2 phosphorylation status 259 

(Fig. 4B). In contrast, inhibitors of GSK3 (SB216763 and CHIR99021) were found to 260 

reduce the signal intensity of the band corresponding to Ser330-phosphorylated PBX2 261 

and to increase that of the band corresponding to the Ser330-dephosphorylated protein in 262 

a concentration-dependent manner (Fig. 4B and C). Consistent with these results, 263 

shRNA-mediated depletion of GSK3α or GSK3β in 3T3-L1 cells attenuated the 264 

phosphorylation of PBX2 at Ser330, and this effect was more pronounced in cells 265 

depleted of both GSK3α and GSK3β (Fig. 4C). 266 

Given that inhibition of mTORC1 has been shown to result in the nuclear 267 

accumulation of GSK3 and consequent phosphorylation by GSK3 of its substrates in the 268 

nucleus (24), we performed immunocytofluorescence staining to examine the 269 

subcellular localization of GSK3 in serum-deprived 3T3-L1 cells exposed to insulin 270 

with or without rapamycin or Torin 1. Activation of mTORC1 by insulin stimulation 271 

was associated with translocation of GSK3 from the nucleus to the cytoplasm, whereas 272 

inhibition of mTORC1 activity by rapamycin or Torin 1 attenuated this effect (Fig. 4D). 273 

Overall, these results suggested that mTORC1 regulates the nuclear-cytoplasmic 274 

translocation of GSK3, and that suppression of mTORC1 activity promotes the nuclear 275 

accumulation of GSK3 and consequent phosphorylation of PBX2 at Ser330. 276 

 277 

PP1 dephosphorylates PBX2 at Ser330 278 

To identify intervening molecules that mediate dephosphorylation of PBX2 in response 279 

to mTORC1 activation, we examined several candidate phosphatases. Given that the 280 

serine-threonine protein phosphatases PP1 and PP2A are responsible for >90% of 281 

protein phosphatase activity in eukaryotic cells (31), we focused on these enzymes and 282 

examined whether calyculin A, which inhibits the activity of both PP1 and PP2A, might 283 
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suppress mTORC1-dependent PBX2 dephosphorylation. Treatment of serum-deprived 284 

3T3-L1 cells with calyculin A inhibited in a concentration-dependent manner the change 285 

in the electrophoretic mobility of PBX2 induced by insulin stimulation (Fig. 5A). We 286 

also found that siRNA-mediated depletion of the catalytic subunits of PP1 in HeLa cells 287 

increased the signal intensity of the band corresponding to Ser330-phosphorylated PBX2 288 

relative to that of the band corresponding to the Ser330-dephosphorylated protein under 289 

both basal and insulin-stimulated conditions (Fig. 5B and C). In contrast, depletion of 290 

the catalytic subunits of PP2A did not affect the signal intensity of the bands 291 

corresponding to Ser330-phosphorylated or Ser330-dephosphorylated PBX2 in the 292 

absence or presence of insulin stimulation (Fig. 5B and C), suggesting that PP2A may 293 

not contribute to PBX2 dephosphorylation at this site. In addition, depletion of the 294 

catalytic subunits of PP2A resulted in an increase in the signal intensity of a band with 295 

the highest mobility shift, which likely represents a hyper-dephosphorylated form of 296 

PBX2. Although the mechanism underlying this phenomenon is unclear, one possible 297 

explanation is that the depletion of the catalytic subunits of PP2A might result in up-298 

regulation of activity or expression level of the other protein phosphatases such as PP1 299 

that target PBX2, through an unknown compensatory mechanism. Another possibility is 300 

that PP2A activates some kinases that phosphorylate PBX2, and that the depletion of the 301 

catalytic subunits of PP2A might result in inactivation of such kinases, leading to an 302 

increase in the amount of non-phosphorylated forms of PBX2. Given the difference in 303 

mobility of the bands, phosphorylation of PBX2 likely occurs at multiple residues other 304 

than Ser330. Dephosphorylation of PBX2 at Ser330 was also observed under conditions of 305 

simultaneous inhibition of GSK3 and mTORC1 (Fig. 4A and C), suggesting that PP1 306 

might mediate dephosphorylation of PBX2 at Ser330 in an mTORC1 activity–307 

independent manner. 308 

The catalytic subunits of PP1 show a broad tissue and subcellular distribution, 309 

with their subcellular localization being dynamically altered by interaction with various 310 

proteins (31,32). We found that the catalytic subunits of PP1 were localized to the 311 

nucleus of 3T3-L1 cells both under the basal condition and after stimulation with 312 

insulin in the absence of presence of rapamycin or Torin 1 (Fig. 5D). These results thus 313 

suggested that the subcellular localization of PP1 is independent of insulin stimulation 314 

and thus of mTORC1 activity in these cells. 315 

 316 
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Discussion 317 

We have here shown that PBX2 undergoes dephosphorylation at Ser330 in an mTORC1 318 

activity–dependent manner, consistent with the reanalysis of our phosphoproteomics 319 

data implicating PBX2 as a novel target molecule for mTORC1. Furthermore, 320 

immunofluorescence staining of cells expressing phosphomimetic or dephosphomimetic 321 

Ser330 mutants of PBX2 revealed that PBX2 localizes to the nucleus regardless of its 322 

phosphorylation state. Consistent with this finding, we also showed that PBX2(WT) 323 

localizes to the nucleus independently of mTORC1 activity. Our results thus suggest 324 

that phosphorylation of PBX2 is regulated in the nucleus.  325 

The serine-threonine kinase GSK3 has two paralogs, GSK3α and GSK3β, in 326 

mammals and is known to phosphorylate >100 substrates important for the regulation of 327 

cell growth and metabolism. The activity of GSK3α is regulated predominantly by 328 

phosphorylation at Ser21 (inhibiting) and Tyr279 (activating), with Ser9 and Tyr216 being 329 

the corresponding residues targeted for regulation in GSK3β. GSK3 is active in cells 330 

under basal conditions and is inactivated by inhibitory phosphorylation in response to 331 

cell stimulation by hormones or growth factors (33). Furthermore, mTORC1 inhibition 332 

by rapamycin treatment has been shown to promote redistribution of GSK3 from the 333 

cytoplasm to the nucleus and thereby to affect phosphorylation of GSK3 substrates, but 334 

it did not alter the phosphorylation state of Ser21 of GSK3α and Ser9 of GSK3β (24,34). 335 

This scenario is consistent with our experimental results showing that phosphorylation 336 

of PBX2 at Ser330 is mediated by GSK3 that accumulates in the nucleus in cells in 337 

which mTORC1 is inactive. Similarly, the phosphorylation state of GSK3 might not be 338 

affected by mTORC1 activation as was the case for previous studies. 339 

 Protein serine-threonine phosphatases PP1 and PP2A generally form 340 

holoenzymes consisting of multiple functionally distinct subunits. In particular, the 341 

regulatory subunits have been shown to determine the catalytic activity, substrate 342 

specificity and subcellular localization of such phosphatases (35,36). Given that both 343 

PP1 and PP2A contain catalytic and regulatory subunits, the latter likely regulates their 344 

binding specificity to the substrates including PBX2. PP1 regulates diverse cellular 345 

processes through substrate dephosphorylation and is composed of a catalytic subunit 346 

and a variety of regulatory subunits, with the interaction of these subunits having been 347 

shown to control substrate specificity and localization of the holoenzyme (31,32). For 348 

example, PPP1R3B, a regulatory subunit of PP1 that contributes to the regulation of 349 
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blood glucose clearance and glycogen synthesis in the liver, associates with and thereby 350 

promotes the dephosphorylation of glycogen synthase in response to its own 351 

phosphorylation by insulin-activated AKT (37). We found that PP1 mediated the 352 

dephosphorylation of PBX2 at Ser330 and was localized to the nucleus of cells in a 353 

manner independent of mTORC1 activity. 354 

 We have demonstrated in the present study that mTORC1 regulates the 355 

phosphorylation state of PBX2 by controlling the subcellular localization of GSK3. 356 

Given that insulin stimulation activates the PI3K-PDK1-AKT axis upstream of 357 

mTORC1 (1,4), this pathway is possibly one of the key signals that regulate mTORC1-358 

GSK3–mediated PBX2 phosphorylation. On the other hand, as shown in a previous 359 

study (37), it is also possible that the insulin-AKT axis directly regulates PP1 360 

phosphatase activity in an mTORC1-GSK–independent manner. However, our results 361 

have shown that insulin stimulation no longer affects the phosphorylation state of PBX2 362 

at Ser330 in the context of complete GSK3 depletion, suggesting that the GSK3-363 

independent insulin-AKT-PP1 axis minimally contributes to the regulation of PBX2 364 

phosphorylation state. Together with a number of supportive data showing that PBX2 is 365 

dephosphorylated in an mTORC1 activation–dependent manner, we concluded that the 366 

mTORC1-mediated regulation of GSK3 localization predominantly determines the 367 

phosphorylation state of PBX2, downstream of nutrient-related signals such as insulin. 368 

 There are several limitations to our study. First, although we examined by 369 

multiple approaches the roles of GSK3 and PP1 in PBX2 phosphorylation and 370 

dephosphorylation, respectively, it remains possible that GSK3 and PP1 actually 371 

regulate other downstream kinases and phosphatases that directly determine the 372 

phosphorylation status of PBX2. Second, whereas 3T3-L1 cells (mouse) were used for 373 

most experiments, HeLa cells (human) were used to examine the effects of PP1 and 374 

PP2A depletion, given that 3T3-L1 cells manifested marked growth inhibition in 375 

response to such depletion. On the other hand, our results indicate that mTORC1-376 

dependent regulation of PBX2 phosphorylation is conserved between these two species, 377 

suggesting that it may play an important role in vivo. 378 

Activation of mTORC1 regulates many biological processes including 379 

translation, autophagy, metabolism, and cell proliferation, not only through direct 380 

phosphorylation of key substrates but also through inhibition of the phosphorylation of 381 

numerous other targets. Given that mTORC1 is abnormally activated in many cancer 382 
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types (3-6, 18-22) and PBX2 is highly expressed in many cancer types (15-17), 383 

mTORC1 likely promotes the progression of these cancers by altering the stability of 384 

PBX2 as a protein and transcriptional activities such as PBX2 DNA binding affinity and 385 

binding ability to co-factors through the regulation of PBX2 phosphorylation status. 386 

Such biological aspects of PBX2 phosphorylation regulation in normal as well as cancer 387 

cell contexts await future study. 388 
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Figure Legends 514 

Fig. 1. Identification of PBX2 as a downstream effector of mTORC1. (A) Scheme 515 

for the acquisition of phosphoproteomics data in our previous study (9). Serum-516 

deprived HeLa cells were exposed to 10 nM rapamycin or 10 µM U0126 for 30 min 517 

before stimulation with serum for 20 min. Alternatively, HeLa cells were either 518 

deprived of serum for 16 h before stimulation with insulin for the indicated times or 519 

deprived of amino acids for 5 h before stimulation with amino acids for the indicated 520 

times. (B) Venn diagram showing the overlap in proteins found to undergo 521 

dephosphorylation in response to serum in a rapamycin-sensitive manner (but not in a 522 

U0126-sensitive manner) or in response to insulin or amino acid stimulation in a time-523 

dependent manner (left panel). The overlap in the dephosphorylation sites for the 11 524 

proteins found to be dephosphorylated under all three conditions is also shown (right 525 

panel).  526 

 527 

Fig. 2. mTORC1-dependent dephosphorylation of PBX2. (A) Serum-deprived 3T3-528 

L1 cells were incubated with 10 nM rapamycin, 100 nM Torin 1, or 0.1% dimethyl 529 

sulfoxide (DMSO, vehicle) for 1 h and then in the additional presence of 100 nM 530 

insulin for the indicated times, after which cell extracts were subjected to SDS-PAGE 531 

with or without Phos-Tag followed by immunoblot (IB) analysis with antibodies to the 532 

indicated total or phosphorylated (p-) proteins. Phosphorylation of p70 S6 kinase (S6K), 533 

S6, and 4E-BP1 was examined to monitor mTORC1 activity. (B) Serum-deprived 3T3-534 

L1 cells infected with retroviruses encoding HA epitope–tagged PBX1, PBX2, PBX3, 535 

or PBX4 were incubated with 10 nM rapamycin, 100 nM Torin 1, or 0.1% DMSO for 1 536 

h and then in the additional absence or presence of 100 nM insulin for 30 min, after 537 

which cell extracts were analyzed as in (A). HSP90 was examined as a loading control. 538 

 539 

Fig. 3. Ser330 of PBX2 is dephosphorylated in the nucleus in an mTORC1-540 

dependent manner. (A) Serum-deprived 3T3-L1 cells infected with retroviruses 541 

encoding HA epitope–tagged WT or mutant (S330A or S330D) forms of PBX2 were 542 

incubated with 10 nM rapamycin or 100 nM Torin 1 for 1 h and then in the additional 543 

absence or presence of 100 nM insulin for 30 min, after which cell extracts were 544 

subjected to SDS-PAGE with or without Phos-tag followed by immunoblot analysis 545 

with antibodies to the indicated proteins. (B–D) Immunocytofluorescence analysis of 546 
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the HA epitope (green) in 3T3-L1 cells expressing HA-tagged WT or mutant (S330A, 547 

S330D, or S330E) forms of PBX2 (B), in 3T3-L1 cells expressing HA-PBX2(WT) and 548 

incubated with or without 10 nM rapamycin or 100 nM Torin 1 for 1 h (C), or in 3T3-549 

L1 cells expressing HA-PBX2(WT) that were deprived of serum and then incubated 550 

with 100 nM insulin for the indicated times (D). Nuclei were stained with DAPI (blue). 551 

Scale bars, 10 µm. 552 

 553 

Fig. 4. mTORC1 regulates PBX2 phosphorylation through GSK3. (A and B) Serum-554 

deprived 3T3-L1 cells were incubated with various inhibitors [Torin1 (100 nM), 555 

staurosporine (10, 100 nM, and 1 µM), LY294002 (100 nM, 1 and 10 µM), AktVIII  556 

(100 nM, 1 and 10 µM), Go6983 (10, 100 nM and 1 µM), AZD6244 (10, 100 nM, and 1 557 

µM), SB203580 (100 nM, 1 and 10 µM), or SB216763 (100 nM, 1 and 10 µM)] for 10 558 

min and then in the additional absence or presence of 100 nM insulin for 20 min, after 559 

which cell extracts were subjected to SDS-PAGE with or without Phos-tag followed by 560 

immunoblot analysis with antibodies to the indicated proteins. Phosphorylation of 561 

ERK1/2 and MAPKAPK-2 was examined to monitor inhibition of MEK (AZD6244) 562 

and p38 mitogen-activated protein kinase (SB203580), respectively. (C) Serum-563 

deprived 3T3-L1 cells expressing GSK3α, GSK3β, or control shRNAs were incubated 564 

with Torin1 (100 nM) or CHIR99021 (1 µM) for 10 min and then in the additional 565 

absence or presence of 100 nM insulin for 25 min, after which cell extracts were 566 

subjected to analysis as in (A) and (B). (D) Immunofluorescence analysis of GSK3 567 

(green) in serum-deprived 3T3-L1 cells incubated with or without 10 nM rapamycin or 568 

100 nM Torin 1 for 1 h and then in the additional absence or presence of 100 nM insulin 569 

for 30 min. Nuclei were stained with DAPI (blue). Scale bars, 20 µm. 570 

 571 

Fig. 5. PP1 dephosphorylates PBX2 at Ser330. (A) Serum-deprived 3T3-L1 cells were 572 

incubated with calyculin A (0, 5, 10 or 50 nM) for 10 min and then in the additional 573 

absence or presence of 100 nM insulin for 20 min, after which cell extracts were 574 

subjected to SDS-PAGE with or without Phos-tag followed by immunoblot analysis 575 

with antibodies to the indicated proteins. (B) Serum-deprived HeLa cells that had been 576 

transfected with a control siRNA or siRNAs specific for the catalytic subunits of PP1 or 577 

PP2A were stimulated with 100 nM insulin for 20 min, after which cell extracts were 578 

analyzed as in (A). (C) Quantification of the Ser330-phosphorylated/Ser330-579 
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dephosphorylated band intensity ratio for PBX2 relative to that of siControl cells for 580 

immunoblots as in (B). Data are means ± SEM from three independent experiments. *P 581 

< 0.05, **P < 0.01 (Dunnett’s test). (D) Immunocytofluorescence analysis of PP1 582 

(green) in serum-deprived 3T3-L1 cells incubated with or without 10 nM rapamycin or 583 

100 nM Torin 1 for 1 h and in the additional absence or presence of 100 nM insulin for 584 

30 min. Nuclei were stained with DAPI (blue). Scale bars, 20 µm. 585 
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