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24  Abstract

25  As an output effecter of Hippo signaling pathway, the transcription factor TEAD and co-

26  activator YAP play crucial functions in promoting cell proliferation and organ size. The

27  tumor suppressor NF2 has been shown to activate LATS1/2 kinases and interplay with

28  Hippo pathway to suppress YAP-TEAD complex. But, whether and how NF2 could directly

29 regulate TEAD remains unknown. We identified a direct link and physical interaction

30 between NF2 and TEAD4. NF2 interacted with TEAD4 through its FERM domain and the

31  C-terminal tail, and decreased protein stability of TEAD4 independently of LATS1/2 and

32 YAP. Furthermore, NF2 inhibited TEAD4 palmitoylation and retained the cytoplasmic

33  translocation of TEAD4, resulting in ubiquitination and dysfunction of TEAD4. Moreover,

34  theinteraction with TEAD4 is required for NF2 function to suppress cell proliferation. These

35 findings revealed a new role of NF2 as a binding partner and inhibitor of the transcription

36  factor TEAD, and would shed light on an alternative mechanism of how NF2 functions as

37  atumor suppressor through the Hippo signaling cascade.

38  Keywords:

39 Hippo Pathway, NF2, TEAD4, Protein-protein Interaction, Palmitoylation, Tumor

40  suppressor
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42 Introduction

43 In multicellular animals, cell proliferation and death must be precisely coordinated to

44  ensure proper organ size and tissue homeostasis. The Hippo signaling pathway was

45  initially identified as a key determinant of organ size (Harvey et al., 2003; Huang et al.,

46  2005; Pan, 2010; Wu et al., 2003). This pathway is highly conserved from Drosophila to

47  mammals (Yu et al., 2015; Zhao et al., 2010a). The Hippo pathway constitutes a major

48  kinase cascade, including the mammalian STE20-like protein kinase 1/2 (MST1/2) and

49  large tumor suppressor kinase1/2 (LATS1/2), which inhibit two transcriptional co-activators,

50 Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ),

51 via phosphorylation (Zhao et al., 2010b). Dephosphorylated and activated YAP/TAZ

52  translocate into the nucleus, where they interact with the TEA domain transcription factors

53 (TEADs), and induce the expression of target genes, such as CTGF and CYR61, to

54  modulate cell proliferation, differentiation, and tumorigenesis (Ota and Sasaki, 2008;

55  Zhang et al., 2008; Zhao et al., 2008). Unlike Drosophila, which expresses only one TEAD

56  homolog, Scalloped (Sd), there are four TEAD homologs in mammals (TEAD1, TEAD2,

57 TEADS3, and TEAD4). TEADs share a similar domain structure: a DNA-binding domain

58 (DBD) at the N-terminus and a YAP-binding domain (YBD) at the C-terminus (Huh et al.,

59  2019; Zhang et al., 2008). Dysregulation of the Hippo pathway has been linked to many

60 human diseases, and targeted inhibition of the YAP-TEAD transcriptional complex for

61  cancer therapy is being actively explored (Dey et al., 2020; Yu et al., 2015; Zheng and Pan,

62 2019).
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63 In addition to YAP/TAZ, the transcriptional activity of TEADs is regulated by different

64  binding factors, including VGLL4, glucocorticoid receptor(GR), TCF4, and AP-1(He et al.,

65 2019; Jiao et al., 2017, 2014; Liu et al., 2016). Specifically, VGLL4 directly competes with

66  YAP/TAZ for binding to TEADs, thereby suppressing their transcriptional activity (Deng and

67  Fang, 2018). P38 binding-dependent cytoplasmic translocation of TEADs provides spatial

68  modulation of transcriptional activity (Lin et al., 2017). Post-translational modifications of

69 TEADs, such as phosphorylation and palmitoylation, govern their protein stability and

70  activity (Chan et al., 2016; Gupta et al., 2000; Jiang et al., 2001; Noland et al., 2016). Four

71  TEAD homologs have been found to be palmitoylated in mammalian cells (Kim and

72 Gumbiner, 2019; Mesrouze et al., 2017), and palmitoylation of TEAD is critical for protein

73  stability and YAP-TEAD interaction (Noland et al. 2016; Chan et al. 2016). Although

74  targeting TEAD palmitoylation is considered as a potential strategy for Hippo pathway

75  molecular therapy (Bum-Erdene et al., 2019; Pobbati et al., 2015), the mechanisms

76  regulating TEAD palmitoylation and depalmitoylation remain unclear.

77 Neurofibromin 2 (NF2), also called Merlin, is an Ezrin, Radixin, and Moesin(ERM)

78  family protein that acts as a tumor suppressor, and the development of schwannoma,

79  meningioma, ependymoma, and malignant mesothelioma in humans is highly associated

80  with loss-function and mutations of NF2 (Chen et al., 2017; Cheng et al.,, 1999;

81 Kalamarides, 2002). NF2 functions in the Hippo pathway by responding to extracellular

82  stimuli, such as cell density and osmotic stress (Cooper and Giancotti, 2014; Hong et al.,

83  2020). NF2 associates with LATS1/2, thus activating the major kinase cascade of Hippo

84  pathway to inhibit YAP/TAZ and suppress cell proliferation and tumorgenesis (Yin et al.,
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85  2013). Several binding partners of NF2, including Angiomotin (AMOT) and E3 ubiquitin
86  ligase CRL4PCAF! are also involved in modulating Hippo pathway (Li et al., 2010, 2015).
87  However, whether NF2 directly regulates TEADs remains unclear and how NF2 modulates
88 the Hippo pathway is not yet fully understood.

89 In this study, we identified the physical interaction between tumor suppressor NF2 and
90 transcription factor TEAD4. We found that NF2 directly interacted with TEAD4 through its
91 FERM domain and the C-terminal tail, and decreased protein stability of TEAD4
92  independently of LATS1/2 and YAP. We further revealed the molecular mechanism that
93  NF2inhibited TEADA4 palmitoylation and retained its cytoplasmic translocation via the direct
94  interaction, resulting in ubiquitination and dysfunction of TEAD4. Moreover, the TEAD4
95 interaction is required for NF2 function to suppress tumor cell proliferation. These findings
96 implied a new role of NF2 as a binding partner and inhibitor of TEADs, and expanded the

97  molecular mechanism of how NF2 functions as a tumor suppressor.

98 Results

99  NF2 decreases the protein levels of TEADs independently of LATS1/2 and YAP

100 As an upstream activator in the Hippo signaling pathway, the tumor suppressor NF2
101  has been shown to activate LATS1/2 kinases and suppress YAP function (Yin et al., 2013).
102 NF2 also interacts with other regulators, AMOT and DCAF1, to modulate the Hippo
103  pathway (Li et al., 2010, 2015). We were curious whether other effectors might be directly
104  involved in NF2 function. Firstly, we examined the protein levels of major Hippo pathway

105 components in HEK293T cells with NF2 overexpression. Consistent with a previous report
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106  (Yin et al., 2013), NF2 promoted YAP phosphorylation (Figure 1A). Unexpectedly, the

107  protein levels of TEAD4 were markedly reduced along with NF2 overexpression (Figure

108 1A). We then confirmed this result by silence and rescue experiments. Depletion of NF2

109 by small interfering RNA (siRNA) induced an increase in both TEAD2 and TEADA4 protein

110 levels, and the re-expression of NF2 decreased their protein levels again (Figure

111  supplement 1A). Notably, the mRNA levels of TEADs were unaffected by NF2

112 overexpression (Figure supplement 1B). These results suggest a hypothesis that NF2

113  may regulate protein levels of TEADs instead of transcription levels.

114 We then examined the protein stability of TEAD4 in the cells treated with

115  cycloheximide (CHX) to inhibit de nhovo protein synthesis. In comparison with control cells,

116  knockdown of NF2 significantly increased the half-life of TEAD4 protein (Figure 1B and

117  1C). The protein levels of other components in Hippo pathway, YAP and Lats1/2, were also

118 detected, and exhibited similar levels in both control and NF2 knockdown cells. Thus, it

119  suggests that NF2 decreased TEAD4 protein level by altering the protein stability of TEADA4.

120 Since YAP is a well-known major partner of TEAD4, we then asked if YAP is involved

121 in the regulation of TEAD4 protein stability by NF2. We generated YAP knockout (KO)

122 Helacells by CRISPR/Cas9, in which successful YAP KO were verified by western blotting

123 (Figure 1D). The knockdown of NF2 robustly increased TEAD4 protein levels in both WT

124  and YAP KO cells (Figure 1D), and NF2 overexpression also decreased TEAD4 protein

125 levelsin YAP KO cells (Figure supplement 1C), indicating that NF2 decreased the protein

126  levels of TEADs independently of YAP. We also wondered if LATS1/2 might be involved in

127  the regulation of TEAD4 protein level by NF2. Again, in both control and LATS1/2 KO cells,
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128  knockdown of NF2 increased the TEAD4 protein expression levels (Figure 1E). Taken

129  together, our results suggest a direct regulation that NF2 could decrease the protein level

130  and stability of TEAD4 independently of LATS1/2 and YAP.

131  NF2 physically interacts with TEAD4 through its FERM domain and C-terminal tail

132 To further explore the direct link between NF2 and TEAD4, we purified the YBD domain of

133 TEAD4 (TEAD4-YBD) with SUMO-His tag and full-length NF2 with GST tag from

134  Escherichia coli, and examined their interaction using a glutathione S-transferase (GST)

135 pull-down assay. Indeed, TEAD4-YBD strongly bound to GST-NF2 in vitro (Figure 2A),

136  highly suggesting a direct and physical interaction between NF2 and TEADA4.

137 According to the domain organization of NF2 protein which containing the N-terminal

138 FERM domain, central coiled-coil domain, and C-terminal tail(Li et al., 2015), seven

139  truncations were constructed to test their interaction with TEAD4-YBD (Figure 2A and

140  supplement 2A). In the GST pull-down assay, both the N-terminal FERM domain (1-341

141  aa) and C-terminal half (342-595 aa) remained to interact with TEAD4-YBD at similar level

142 in vitro (Figure 2A). Among the C-terminal half, the tail region (C-tail, 550-595 aa) still

143 bound to TEAD4 (Figure supplement 2A). The interaction between NF2 and TEAD4 full

144  length was verified by co-immunoprecipitation assay in HEK293T cells (Figure 2B), which

145  further confirmed the direct and physical interaction between NF2 and TEAD4.

146 Intramolecular interaction of NF2 has been suggested to be formed by FERM domain

147  and C-terminal tail (Chinthalapudi et al., 2018; Li et al., 2015; Sher et al., 2012). We then

148  wondered if the intramolecular interaction of NF2 might affect its interaction with TEADA4.

149  In comparison with C-terminal fragments alone, co-incubation of FERM domain markedly
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150 enhanced their binding to TEAD4 (Figure 2C), indicating that the intramolecular interaction

151 of NF2 increased the interaction with TEAD4. Moreover, the A585W mutation of NF2, which

152  could stabilize the intramolecular interaction and be inactive for LATS1/2 interaction (Li et

153  al.,, 2015), exhibited stronger binding capacity to TEAD4 than NF2-WT in MBP pull-down

154  assay (Figure 2D). Taken together, these binding results suggest that NF2 directly

155 interacts with TEAD4 through both FERM domain and the C-terminal tail (Figure 2E).

156 Characterization of the interaction between NF2 and TEAD4

157 Given that NF2 is a novel binding partner of TEAD4, we next characterized the

158 interaction interface of NF2. Based on the crystal structure of NF2(Li et al., 2015), single

159  or combined point mutations on the structural surface of NF2 protein were designed for the

160  binding screen (Figure supplement 2B). Collectively, the binding assay pinpointed that

161 L297, 1301, and H304 residues in the FERM domain F3 lobe, L582 and F591 residues in

162  the C-tail of NF2 mediated its interaction with TEAD4 (Figure 3A, 3B and supplement

163  2C). We then generated two grouped mutants NF2-5A (L297A/I301A/H304A/L582A/F591A)

164 and NF2-4A-del (L297A/I301A/H304A/L582A and deletion of 590-595 aa) (Figure

165 supplement 2C), and both mutants abolished their ability to interact with TEAD4 in co-

166  immunoprecipitation assay (Figure 3C). Thus, the key residues L297/1301/H304 on FERM

167 domain and L582/F591 on C-tail were identified to mediate the interaction between NF2

168  and TEADA.

169 We then asked if these binding-deficient mutants affect the function of NF2 to

170  decreaseTEAD4 protein level. We introduced NCI-H226 cell line, an NF2-non-expressing

171  malignant pleural mesothelioma (MPM) cell line, which could exclude the effect of
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172 endogenous NF2. In comparison with control cells, overexpression of NF2-WT decreased

173  TEAD4 protein level to 60% (Figure 3D). Consistent with their interaction deficiency

174  withTEAD4, NF2-5A and NF2-4A-del mutants restored TEAD4 protein level around 85%

175  (Figure 3D), suggesting that NF2 decreased TEAD4 protein level via direct interaction.

176 Since both YAP and NF2 bind to the YBD domain of TEAD4, we explored whether

177  NF2 and YAP bound to the same surface on TEADA4. The in vitro competitive binding assay

178  was performed and showed that NF2 gradually competed off TEAD4 from GST-YAP in a

179  dose-dependent manner (Figure 3E), indicating that NF2 and YAP occupied the same

180 interface on TEAD4-YBD domain and NF2 potentially inhibited the formation of YAP-TEAD

181  complex.

182  NF2 induces the cytoplasmic retention of TEAD4 via interaction

183 TEAD4 functions as a transcription factor in the nucleus, while NF2 is a plasma

184  membrane-associated protein (Yin et al., 2013). To characterize the spatial localization of

185  the NF2-TEAD4 complex in cell, we performed bimolecular fluorescence complementation

186  (BiFC) assays, in which two non-fluorescent half fragments of the yellow fluorescent

187  protein (YFP) were fused with two binding partners, respectively. No fluorescence was

188  detected upon co-expression of NF2-nYFP and TEAD4-nYFP in HEK293 cells, similar to

189  control cells expressing NF2-cYFP or TEAD4-cYAP alone (Figure 4A). Co-expression of

190 NF2-cYFP and LATS2-nYFP, which are well-known binding partners, resulted in

191 fluorescence at the plasma membrane (Figure 4A). Co-expression of NF2-cYFP and

192  TEAD4-nYFP also resulted in YFP signals at the plasma membrane, but more in the

193  cytoplasm (Figure 4A), suggesting that they form a complex in the cytoplasm rather than
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194 in the nucleus. Fluorescence signals were sequentially quantified by flow cytometry

195 (Figures 4B and supplement 3A), validating that NF2 strongly interacted with TEAD4 in

196 cells, as NF2 and LATS2 did.

197 To examine whether NF2 induces the translocation of TEADA4 via the direct interaction,

198  we detected the subcellular localization of TEAD4 by immune-fluorescence in the NF2-KO

199 HEKZ293A cells with overexpression of NF2-WT and NF2-5A, respectively. Compared with

200 the nuclear localization of TEAD4 in NF2-KO cells, clear fluorescence signals of TEAD4

201  were visible in the cytoplasm of NF2-WT expressed cells (Figure 4C). However, the

202  fluorescence signal of TEAD4 could not be detected in the cytoplasm of NF2-5A expressed

203 cells (Figure 4C), suggesting that NF2 induces the cytoplasmic retention of TEAD4

204  through the direct interaction.

205 NF2 inhibits TEAD4 palmitoylation and presumably causes the sequential

206  ubiquitination

207 As palmitoylation of TEAD4 is required for its protein stability (Chan et al., 2016; Kim

208  and Gumbiner, 2019; Noland et al., 2016), we further investigated whether NF2 decreased

209  protein stability of TEAD4 through palmitoylation. The in vitro auto-palmitoylation assays

210  were performed by click chemistry-based methods (Zheng et al., 2015)(Figure 5A).

211  TEAD4 auto-palmitoylation was significantly decreased along with NF2 incubation, but not

212 YAP (Figure 5B and 5C), indicating that NF2 directly inhibited the auto-palmitoylation of

213 TEAD4 in vitro.

214 Next, we examined the palmitoylation of TEAD4 in NCI-H226 cells using an acyl resin-

215  assisted capture assay (Forrester et al., 2011) (Figure 5D). Notably, the expression of NF2-
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216 WT dramatically reduced TEAD4palmitoylation, but NF2-5A and NF2-4A-del mutants

217  effected TEAD4 palmitoylation slightly in cells (Figure 5E), implying that NF2 inhibited

218  TEADA4 palmitoylation through direct interaction. Acyl-protein thioesterase 2 (APT2) is

219  known as a major depalmitoylase of TEAD family proteins (Kim and Gumbiner, 2019). We

220 found that the protein level of APT2 was not affected by the expression of NF2 (Figure

221  supplement 4A), which excluded the possibility that NF2 reduced TEAD4 palmitoylation

222 through APT2.

223 The depalmitoylation has been shown to trigger the degradation of TEAD protein

224  mediated by E3 ligase CHIP (Kim and Gumbiner, 2019). The in vitro ubiquitination assays

225  confirmed that non-palmitoylated mutant TEAD4-2CS (C335S/C367S) exhibited much

226 higher ubiquitination levels than TEAD4-WT (Figure 5F). As positively relevant, TEAD4-

227  2CS also exhibited stronger binding to NF2 than TEAD4-WT (Figure 5G), indicating that

228  NF2 preferentially bound to non-palmitoylated form of TEAD4 and triggered its

229  ubiquitination. Thus, NF2 inhibits TEAD4 palmitoylation and presumably causes the

230  sequential ubiquitination of TEADA.

231  TEAD4 interaction is required for NF2 function to suppress cell proliferation.

232 We then explored whether the direct interaction between NF2 and TEAD4 contributes

233 to the tumor suppressor function of NF2. The BrdU incorporation assay was performed in

234 NF2 KO HEK293A cells to examine cell proliferation rates. In comparison with control cells,

235  BrdU incorporation efficiency was dramatically increased in NF2 KO cells, and significantly

236  decreased with NF2-WT expression to a similar level with control cells (Figure 6A and 6B),

237  confirming the tumor suppression role of NF2. However, the cells expressing NF2-5A
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238  mutant kept a higher incorporation efficiency of BrdU around 90% of NF2 KO cells (Figure

239  6A and 6B). NF2 suppressed cell proliferation as the tumor suppressor did, whereas the

240 TEADA4-binding deficient mutant of NF2 lacks the suppressor function, indicating that

241  TEAD4 interaction is required for NF2 function to suppress cell proliferation.

242 The cell proliferation suppression by NF2 WT and mutant in NF2 KO HEK293A cells

243  was further measured by CCK-8 cell viability assay. Similar to the results from BrdU

244  incorporation experiment, NF2-WT robustly decreased cell viability, while NF2-5A

245  dramatically restored cell viability (Figure 6C). Since NF2 can interact with and activate

246 LATS1/2 in the Hippo signaling, we then examined whether NF2-5A mutant disrupt the

247  interaction with LATS. Co-immunoprecipitation assay in NF2 KO cells showed that NF2-

248  5A mutant exhibited similar binding activity to LATS2, compared with NF2-WT (Figure 6D),

249  indicating that the suppression defect of cell proliferation induced by NF2-5A is not related

250 to LATS1/2 activation. Taken together, TEAD4 binding is required for NF2 function to

251  suppress cell proliferation, and is presumably caused by inhibiting TEAD4 palmitoylation.

252 Discussion

253 As a tumor suppressor, NF2 senses cell-cell contact and regulates the Hippo pathway

254 by activating LATS1/2 kinases, resulting in phosphorylation and cytoplasmic retention of

255  YAP. Phosphorylated -YAP could not form complex with transcription factor TEAD in the

256 nucleus, thereby inhibiting cell proliferation and suppressing tumor growth (Meng et al.,

257  2016; Morrison et al., 2001; Okada et al., 2005; Yin et al., 2013). In contrast to the classic

258  model of NF2, our finding proposed a straightforward regulation mechanism that NF2
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259  directly associates with TEAD4 to promote the cytoplasmic retention and inhibit

260  palmitoylation of TEAD4, resulting in dysfunction of TEAD4 and cell proliferation

261  suppression (Figure 6E). We further validated 5 key residues of NF2 is required for TEAD4

262 interaction and cell proliferation suppression. The missense mutations in these sites, such

263  as L297V, H304Y, and F591L, are also found in various cancers (Bonilla et al., 2016; Zehir

264 et al, 2017). NF-5A mutant lost the binding ability to TEADA4, but still bound to LATS2,

265  which indicates that the function deficient of NF2-5A is because of the binding defect to

266  TEAD instead of the classical Hippo pathway. This straightforward regulation would shed

267 light on additional mechanism of how tumor suppressor NF2 functions, and also

268  complement the regulation from LATS1/2 of Hippo pathway.

269 As transcription factor, TEAD family proteins form transcriptional complex with the

270  major co-activators YAP/TAZ to activate the transcription of important target genes and

271 promote cell proliferation and organ growth (Yu et al., 2015). Besides that, The inhibitory

272 binding partners of TEADs, such as VGLL4, compete with YAP/TAZ and inhibit

273  transcription activity of TEAD4 to suppress cell proliferation and tumor growth in multiple

274  cancers (Jiao et al., 2014; Zhang et al., 2014). Our finding that tumor suppressor NF2

275  inhibits TEAD4 palmitoylation via direct interaction, proposed a new role for the classical

276 protein NF2 as the inhibitory binding partner of TEAD4, which might update the functional

277  cognition of NF2 in the Hippo pathway.

278 Palmitoylation is essential for protein stability and transcription activity of TEADs

279  (Chan et al., 2016; Noland et al., 2016), and NF2 has been shown to decrease the mRNA

280 levels of fatty acid synthase (FASN) and induce depalmitoylation of TEADs (Kim and
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281  Gumbiner, 2019). Alternatively, we found that palmitoylation of TEAD4 could also be
282  inhibited by NF2 via direct interaction, which might reflect a novel role of NF2 in regulating
283  palmitoylation and homeostasis of TEAD protein in cells.

284 The nuclear localization is also required for TEADs transcription activity. Early studies
285  have reported the cytoplasmic translocation of TEADs induced by cell density and p38 (Lin
286 et al., 2017). As a membrane-associated protein, NF2 has been shown to recruit and
287  activate LATS1/2 kinases at plasma membrane (Yin et al., 2013). Here, we showed that
288  NF2 also induced cytoplasmic translocation of TEADA4 via direct protein-protein interactions.
289  The translocations of both LATS1/2 and TEADs induced by NF2 reach the same goal
290 preventing TEADs transcription activity, highly suggested that this straightforward
291  regulation could complement the function of Hippo pathway.

292 In summary, we identified the direct link and physical interaction between NF2 and
293  TEADA4, which are important for NF2 function as tumor suppressor and TEADs protein
294  homeostasis.

295
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461  Materials and methods

462  Protein purification

463  Human TEAD4 YBD domain (217-434) was cloned into a PET-28a vector with an N-
464  terminal SUMO and 6 xHis tag and a PGEX-6P-1 vector with an N-terminal GST tag,

465  respectively. SUMO-tagged and GST-tagged TEAD4-YBD were expressed in Escherichia
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466  coli BL21 (DE3) cells and purified using the Ni?*-NTA agarose resin (GE Healthcare) or
467  GST agarose resin (GE Healthcare), and purified via size-exclusion chromatography using
468  a Superdex 200 column (GE Healthcare). Purified SUMO-TEAD4 and GST-TEAD4 were
469  concentrated to 2 mg/mL in a buffer containing 20 mM Tris (pH 8.0), 150 mM NaCl, and 1
470 mMDTT.

471  For TEAD4-YBD alone, GST-TEAD4-YBD was purified using GST agarose resin (GE
472  Healthcare). GST tag was removed with 3C protease overnight at 4 °C. The resin was
473  collected using the tag-free with 3C protease overnight at 4°C. The eluted TEAD4-
474  YBDprotein was purified via size-exclusion chromatography using a Superdex 200 column
475  (GE Healthcare). Purified TEAD4-YBD was concentrated to 2 mg/mL in a buffer containing
476 20 mM Tris (pH 8.0), 150 mM NaCl, and 1 mM DTT.

477  NF2(18-595) was cloned into a PMAL-3C vector with an N-terminal MBP tag. MBP-NF2
478  was purified using amylose resin (New England Biolabs) and eluted using 10mM maltose
479  (BioFroxx). MBP-NF2 was purified via size exclusion chromatography using a Superdex
480 200 column (GE Healthcare) in a buffer containing 20 mM Tris pH 8.0, 150 mM NacCl, and
481 1 mMDTT. Human CHIP and Hsp70 were cloned into a PET-28a vector with an N-terminal
482  SUMO tag. SUMO-CHIP and SUMO-Hsp70 were purified using the Ni?*-NTA agarose
483 resin (GE Healthcare) and eluted with 200mM imidazole (Sigma-Aldrich). The proteins
484  were then purified with a Superdex 200 column (GE Healthcare) in a buffer containing 20
485  mM Tris (pH 8.0), 150 mM NaCl, and 1 mM DTT.

486  Cell culture and transfection

487  HEK293T, HEK293A, HelLa, and MCF-10A cells were cultured in DMEM medium (Gibco)
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488  supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin.
489  NCI-H226 cells were cultured in the Roswell Park Memorial Institute-1640 medium (Gibco)
490 supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin. Plasmids were
491  transfected using the HighGene Transfection Reagent (ABclonal). HelLa cells were
492  transfected using Lipofectamine 2000 (Invitrogen). The sequences of siRNAs used in this
493  study are as follows:

SiNF2-1: CCGUGAGGAUCGUCACCAUTT

SiNF2-2: GGUACUGGAUCAUGAUGUUTT

SiNF2-3: GGAAUGAAAUCCGAAACAUTT
494  Protein immunoprecipitation
495  HEK293T cells were transiently transfected with Myc-NF2 and Flag-TEAD4. The cells were
496 lysed in a lysis buffer (20 mM Tris 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton, and
497  phosphatase inhibitor cocktail) for 30 min at 0°C. The supernatant was incubated with red
498  anti-FLAG beads (Millipore) or Protein-A Magnetic beads (Bio-Rad) and Myc antibody
499  (Cell Signaling Technology) overnight at 4°C. The proteins on the beads were subjected
500 to SDS-PAGE and analyzed via western blotting.
501 In vitro protein-binding assay
502 Recombinant GST-NF2 was bound to a GST resin (GE Healthcare), and MBP-NF2 was
503  bound to an MBP resin (New England Biolabs) in PBS for 1 h at 4°C. After washing, the
504  resin was incubated with purified SUMO-TEAD4 in PBS for 1h at 4°C and washed four
505 times. Proteins retained on the beads were analyzed using SDS-PAGE and western

506  blotting. SUMO-TEAD4 was detected using an antibody against 6 x His.
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507 In vitro palmitoylation assay

508 Recombinant TEAD4 protein (500 ng) was incubated with 1 mM alkyne palmitoyl-CoA
509 (Cayman Chemical) for 0.5 h in 20mM Tris 8.0 and 100mM NaCl. Click reaction with biotin-
510 azide (Sigma-Aldrich) was performed for 1h at 25°C. The reactions were stopped using
511  2XSDS sample buffer, followed by SDS-PAGE analysis. Biotinylated TEAD4 was detected
512 using streptavidin-IRDye (LI-COR).

513  In vivo palmitoylation assay

514  Myc-NF2 was transfected into the cells and 48 h after transfection, the cells were collected
515  and subjected to the CAPTUREome S-Palmitoylated Protein Kit (Badrilla). Briefly, the cells
516  were lysed and blocked with the blocking buffer at 40°C for 4 h. The mixture was then
517  subjected to ice-cold acetone precipitation. The precipitate was re-dissolved in the binding
518  buffer and incubated with the thioester cleavage reagent and capture resin for 2 h. After
519  washing, the capture resin was subjected to SDS-PAGE and analyzed via western blotting.
520 In vitro ubiquitination assay

521  Each in vitro ubiquitination reaction was performed using 0.5uM E1, 4uM UbcH5b, 2uM
522 CHIP, 1uM Hsp70, 10uM ubiquitin, and 1uM recombinant GST-WT/2CS TEAD4 for 60 min
523 at 37°C in 20mM Tris8.0, 100mM NaCl, 5mM ATP, 2.5mM MgCl;, and 1mM DTT.
524  Ubiquitination reactions were stopped using 2XSDS sample buffer, followed by detection
525  via western blotting with the GST antibody (ABclonal).

526 Real-time PCR

527  Total RNA was extracted using the TRIzol reagent (Invitrogen), and reverse transcription

528  (RT)was performed using the iScript Reverse Transcription Supermix (Bio-Rad). Real-time
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RT-PCR analysis was performed using SYBR Green Realtime PCR Master Mix (Toyobo)

with the Applied Biosystems Step Two Real-Time PCR System (Applied Biosystems).

GAPDH was used as a control. The standard comparative CT quantization method was

used to analyze the RT-PCR results.

Primers for RT-PCR are as following:

TEAD1

TEAD1

TEAD2

TEAD2

TEAD3

TEAD3

TEAD4

TEAD4

YAP

YAP

NF2

NF2

BiFC assay

F: ATGGAAAGGATGAGTGACTCTGC

R: TCCCACATGGTGGATAGATAGC

F: CTTCGTGGAACCGCCAGAT

R: GGAGGCCACCCTTTTTCTCA

F: TCATCCTGTCAGZCGAGGG

R: TCTTCCGAGCTAGAACCTGTATG

F: GAACGGGGACCCTCCAATG

R: GCGAGCATACTCTGTCTCAAC

F: CACAGCATGTTCGAGCTCAT

R: GATGCTGAGCTGTGGGTGTA

F: TGCGAGATGAAGTGGAAAGG

R: GCCAAGAAGTGAAAGGTGAC

Full-length YFP (1-238) was divided into two insertions: nYFP (1-154) and cYFP (155-238)

in this study. pcDNA3.1-NF2/TEAD4/LATS vectors were receptions for C-terminal n/c-YFP

fragments with Hindlll and BamHlsites.HEK-293T cells plated in a 6-well plate for 24 h,

and transfected with 800 ng nYFP-and 800 ng cYFP-tagged NF2/TEAD4 . LATS constructs.
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539  The cells were treated at low temperature (30 °C) for 6 h for fluorophore maturation, and
540  after 48 h, fluorescence was determined via flow cytometry using BD FACS Calibur (BD
541  Biosciences) or observed under a confocal laser scanning microscope (Olympus).

542  Immunofluorescent microscopy

543  NF2 KO HEK293A cells on coverslips were transfected with Myc-NF2 WT or mutant for
544  48h at 37°C.Cells were fixed in 4% paraformaldehyde (aladin) for 30 min followed by
545  permeabilization with 0.1% TritonX-100 (aladin) for 30 mins. Cells were blocked in 3% BSA
546  for 1 h and incubated overnight at 4°C in primary antibodies diluted in 3% BSA. Secondary
547  antibodies were diluted in 3% BSA and incubated for 1 h. Then cells were stained with
548  DAPI (Beyotime).

549  BrdU Incorporation assay

550 WT and NF2 KOHEK293A cells on coverslips were transfected with Myc-NF2 WT or
551  mutant and after 36 h incubated with 10 uM BrdU (Beyotime) for 6 h at 37°C. Cells were
552  fixed with 4% paraformaldehyde for 30 min and washed with PBS with 1% Triton X-100 for
553 30 min. Then cells were incubated with 2N HCI for 30 min at room temperature. After
554  washing with PBS, cells were blocked with PBS containing 1% Triton X-100 and 3% BSA.
555  Cells were incubated with the primary antibodies against BrdU (ABCam) overnight at 4°C.
556  and incubated with the Alexa Fluor 488 dye-conjugated secondary antibodies (Invitrogen)
557  for 1 hin the dark and then stained with DAPI (Beyotime).

558 Cell counting kit-8 (CCK-8) assay

559  Cells were seeded into 96-well plates and transfected with Myc-NF2 WT or mutant. After

560 48 h, cell counting kit-8 (Biosharp) was used to detect cell viability. The cells in each well
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561  were incubated with 10 ul CCK-8 solution at 37°C for 1 h. The absorbance at 450 nm was

562  detected using a plate reader.

563


https://doi.org/10.1101/2022.11.28.518166
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.28.518166; this version posted November 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

564 Figure Legends
Figure 1
A B C
HA-NF2 sl Stk Si-Ctrl Si-NF2
0 1248120124812 -» Si-Ctrl
HA-NF2 S NEZ [ | £ " - sinF2
YAP [ im e ]| TEAD4 [Cmmmmmmme——— & Lo
[
TAZIE' o-YAP [Hiee ey o s TEAD4
=
PYAP [smemend® | o) Eemma e | 3
TEADA [Wpmmw o == | LATS2 [= - 2T 3 1 1 &
GAPDH El Tubulin - CHX (h)
— N ™ — &N ™M
D E NN N = &N NN
W YAPKO Lt ELCCL
SiFNF2 - + + - + + 2 iU (02N U2 e U
NF2 | [ ———]|NF2
NF2 | - LATS1 [ = = o = | | |LATS1
YAP ‘_ - ‘ p-LATS1[ ™8 &= == |LATS2
TEAD4‘__”___‘ YAP | s s s s | [ s v s o | YAP
P-YAP | s s s s | | s s s wo | DYAP
CYR61 [ v | TAZ[ e | [ csssanas |TAZ
GAPDH \_...__.__.\ TEAD4 | it | | o s s | TEADA
CYRET| w s o e | | s s s | CYRG1
GAPDH| ———| —— | GAPDH
Hela Hela LATS1/2-KO
565
566  Figure 1. NF2 decreases the protein levels of TEADs independently of LATS1/2 and
567 YAP
568  (A) Protein levels of TEAD4, YAP and TAZ were determined via western blotting in
569  HEK293T cells with overexpression of HA-NF2.
570  (B) MCF-10A cells were transfected with the control siRNA or NF2 siRNA. Then, 100 ug/mL
571  of cycloheximide (CHX) was added and the cells were harvested at the indicated time
572  points. Protein levels of endogenous TEAD4, YAP, p-YAP, and LATS-1/2 were determined
573  via western blotting.
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(C)Quantitative analysis of TEAD4 protein level in (B).

(D) Wild-type (WT) and YAP knockout (KO) HelLa cells were transfected with or without the

NF2 siRNA. Protein levels of TEAD4, YAP, and CYR61 were determined via western

blotting.

(E) WT and LATS1/2 KO Hela cells were transfected with the control sSiRNA or NF2 siRNA.

Protein levels of TEAD4, YAP/TAZ, LATS1, and CYR61 were determined by western

blotting.

Figure 1-source data 1. Whole uncropped blots represented in Figure 1A. NF2, YAP, TAZ,

p-YAP, TEAD4 and GAPDH protein levels in HEK293T cells.

Figure 1-source data 2. Whole uncropped blots represented in Figure 1B. NF2, YAP, p-

YAP, TEAD4, Lats1, Lats2 and Tubulin protein levels in MCF-10A cells.

Figure 1-source data 3. Whole uncropped blots represented in Figure 1D. NF2, TEAD4,

YAP, CYR61 and GADPH protein levels in Wild-type (WT) and YAP knockout (KO) HelLa

cells.

Figure 1-source data 4. Whole uncropped blots represented in Figure 1E. NF2, Lats1,

Lats2, p-Lats1, TEAD4, YAP, p-YAP, TAZ, CYR61 and GADPH protein levels in Wild-type

(WT) and LATS1/2 knockout (KO) HelLa cells.
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Figure 2
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Figure 2. NF2 interacts with TEAD4 through FERM domain and C-terminal tail

(A) The GST-pull down assay was performed to assess the interaction between SUMO-

tagged TEAD4-YBD and GST-tagged NF2 truncations, and schematic views of NF2 full-

length and truncations showed in right panel. CBB, Coomassie brilliant blue.

(B) Co-immunoprecipitation experiment of Myc-tagged NF2 with Flag-tagged TEAD4 was

performed in HEK293T cells. Cell lysates were treated to anti-Flag beads and

immunoblotted with indicated antibodies. Expression of Flag vector was set as control.

(C) In vitro binding assay of GST-tagged NF2 C-terminal fragments with His-TEAD4-YBD,
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601 the FERM domain enhanced the interaction between TEAD4 and NF2 C-terminal

602  fragments. Quantitative analysis of relative protein binding activity of NF2 to TEAD4 was

603  shown in the right panel. Mean £ s.e.m, N = 3.

604 (D) In vitro pull-down assay of MBP-NF2 WT and A585W mutant with His-TEAD4-YBD to
605 assess the interaction between TEAD4 and NF2. CBB, Coomassie brilliant blue.
606  Quantitative analysis of relative protein binding activity of NF2 to TEAD4 was shown in the

607  right panel. Mean £ s.e.m, N = 3.

608  (E) A cartoon model of NF2 binding to TEAD4 through FERM domain and C-terminal tail.

609  Figure 2-source data 1. Whole SDS-PAGE images and uncropped blots represented in

610 Figure 2A. TEAD4-YBDnis, GST-NF2-FL, GST-NF2 1-341, GST-NF2 342-595 protein

611  levels in GST pull-down assay.

612  Figure 2-source data 2. Whole uncropped blots represented in Figure 2B. Flag-TEAD4

613  and Myc-NF2 protein levels with Co-immunoprecipitation assay in HEK293T cells.

614  Figure 2-source data 3. \Whole uncropped blots represented in Figure 2C. TEAD4-YBDuis,

615  NF2 FERMuis protein levels in GST pull-down assay.

616  Figure 2-source data 4. Whole SDS-PAGE images and uncropped blots represented in

617  Figure 2D. TEAD4-YBDHis and MBP-NF2 protein levels in MBP pull-down assay.

618

619
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620

621  Figure 3. NF2 decreases TEAD4 protein level via direct interaction

622  (A) GST pull-down assay of GST-NF2-FERM WT and mutants with His-TEAD4-YBD was
623 performed to assess the interaction between TEAD4 and NF2-FERM.

624  (B) GST pull-down assay of GST-NF2-507-595 WT and mutants with His-TEAD4-YBD was

625  performed to assess the interaction between TEAD4 and NF2 C-terminal tail.
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626  (C) Co-immunoprecipitation experiment of Myc-tagged NF2 WT and mutants with Flag-
627  tagged TEAD4 was performed in HEK293T cells. Cell lysates were treated to anti-Flag or

628  anti-Myc beads and immunoblotted with indicated antibodies.

629 (D) TEAD4 Protein levels in NCI-H226 cells overexpressing Myc-tagged NF2 WT or

630  mutants were determined via western blotting by indicated antibody. Quantitative analysis

631  of relative protein levels of TEAD4 was shown in the right panel. Mean + s.e.m, N = 3.

632  (E) Competitive binding assay was performed to detect the binding effect of YAP-TEAD4

633  complex with a dose addition of NF2.

634  Figure 3-source data 1. Whole SDS-PAGE images and uncropped blots represented in

635  Figure 3A. TEAD4-YBDHis and GST-NF2 FERM protein levels in GST pull-down assay.

636  Figure 3-source data 2. Whole SDS-PAGE images and uncropped blots represented in

637  Figure 3B. TEAD4-YBDHis and GST-NF2 507-595 protein levels in GST pull-down assay.

638  Figure 3-source data 3. Whole uncropped blots represented in Figure 3C. Flag-TEAD4

639  and Myc-NF2 protein levels with Co-immunoprecipitation assay in HEK293T cells.

640  Figure 3-source data 4. Whole uncropped blots represented in Figure 3D. TEAD4, Myc-

641  NF2 and beta-actin protein levels in NCI-H226 cells.

642  Figure 3-source data 5. Whole SDS-PAGE images represented in Figure 3E. TEAD4-

643  YBDumis, GST-YAP 47-131 and NF2 protein levels in Competitive binding assay.

644
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Figure 4. NF2 induces the cytoplasmic retention of TEAD4 via interaction

(A) BIiFC assays were performed to detect the location of the NF2-TEAD4 complex.
HEK293T cells were transfected with TEAD4-nYFP, NF2-cYFP, NF2-cYFP and TEAD4-
NYFP, NF2-cYFP and Lats-nYFP, and NF2-cYFP and NF2-nYFP. The fluorescence signals
of intact YFP were detected. Representative images are shown here. Scale bar = 10 ym.
(B) Quantification of flow cytometry from BiFC assay (A). Mean + s.e.m. ***P < 0.001.

(C) NF2 induces the cytoplasmic translocation of TEAD4. Immunofluorescence of
endogenous TEAD4 was detected in NF2-KO HEK293A cells with expression of Myc-NF2
WT and mutant. Scale bar = 10um.

Figure 4-source data 1. Source data for quantifications graphed in Figure 4B.
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658  Figure 5. NF2 inhibits TEAD4 palmitoylation via direct interaction.
659  (A) Schematic model of the in vitro auto-palmitoylation assay of recombinant TEAD4.

660  (B) In vitro auto-palmitoylation assay of recombinant TEAD4 incubated with NF2 or YAP
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661 was performed under protocols. Palmitoylation levels were detected via streptavidin

662  blotting.

663  (C) Quantitative analysis of palmitoylated TEAD4 (Pal-TEAD4) panels in (B).

664 (D) Schematic model of the in vivo palmitoylation assay with acyl resin-assisted capture

665 methods in cells.

666  (E) In vivo palmitoylation assay to detect the palmitoylation levels of endogenous TEAD4

667 in NCI-H226 cells expressing the Myc-NF2 WT and mutants. palmitoylation levels of

668 TEAD4 were determined via western and streptavidin blotting. Quantitative analysis of

669  palmitoylated TEAD4 (Pal-TEAD4) was shown in the down panel. Mean £ s.e.m, N = 3,

670 ***P<0.001.

671  (F) In vitro ubiquitination assay was performed with purified recombinant E1, UbcH5b as

672  the E2 ubiquitin-conjugating enzyme, and E3 ligase CHIP to detect the ubiquitination level

673  of TEAD4 WT and 2CS.

674  (G) In vitro pull-down assay of MBP-NF2 withTEAD4 WT and 2CS. CBB, Coomassie

675 brilliant blue.

676  Figure 5-source data 1. Whole SDS-PAGE images and uncropped blots represented in
677  Figure 5B. Pal-TEAD4-YBDuis, TEAD4-YBDHis, MBP-NF2 FL and YAP FL protein levels in

678  In vitro auto-palmitoylation assay.

679  Figure 5-source data 2. Whole uncropped blots represented in Figure 5E. Pal-TEAD4
680  and TEADA4 protein levels in NCI-H226 cells.

681  Figure 5-source data 3. Whole uncropped blots represented in Figure 5F. Ubiquitination
682 levels of GST-TEAD4 in In vitro ubiquitination assay.

683 Figure 5-source data 4. Whole SDS-PAGE images and uncropped blots represented in

684  Figure 5G. TEAD4-YBDnis and MBP-NF2 FL protein levels in MBP pull-down assay.
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686  Figure 6. TEAD4interaction is required for NF2 function to suppress tumor cell

687  proliferation.

688 (A) WT and NF2 KO HEK293A cells transfected with vector or the NF2-WT/5A were
689  subjected to BrdU incorporation assay. Scale bar = 20 ym.

690  (B) The percentage of BrdU-positive cells from (A) was quantified. Mean + s.e.m, N = 3,
691  **P<0.01, ***P<0.001.

692 (C) WT and NF2 KO HEK293A cells transfected with vector or the NF2-WT/5A were

693  subjected to cell counting kit-8 (CCK-8), and OD 450nm were quantified. Mean %
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s.e.m.**P<0.01, ***P< 0.001.

(D) Co-immunoprecipitation experiment of Myc-tagged NF2 WT and mutants with HA-

tagged LATS2 was performed in NF2 KO HEK293A cells. Cell lysates were treated to anti-

Myc beads and immunoblotted with indicated antibodies.

(E) The working model for the molecular mechanism of NF2 function to suppress tumor

cell proliferation through LATS1/2 (right) and directly through TEAD4 (left). The

straightforward mechanism, which NF2 directly binds to and down-regulates TEAD4

activity, could complement the classical regulation through Hippo pathway.

Figure 6-source data 1. Source data for quantifications graphed in Figure 6B.

Figure 6-source data 2. Source data for quantifications graphed in Figure 6C.

Figure 6-source data 3. Whole uncropped blots represented in Figure 6D. HA-Lats and

Myc-NF2 protein levels with Co-immunoprecipitation assay in NF2 KO HEK293A cells.
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Figure supplement 1. NF2 decreases the protein levels of TEADs.

(A) Protein levels of TEAD2/4 and YAP were determined by western blotting in MCF-10A
cells with overexpression of HA-NF2 or siNF2 treatment.

(B) RT-PCR analysis of TEAD1/2/3/4 and YAP mRNA levels were performed in Hela cells
with overexpression of NF2.

(C) Protein level of TEAD4 was determined by western blotting in WT or YAP-KO HEK293T
cells with overexpression of HA-NF2.

Figure supplement 1-source data 1. Whole uncropped blots represented in Figure
supplement 1A. NF2, TEAD2, TEAD4, YAP and GADPH protein levels in MCF-10A cells.
Figure supplement 1-source data 2. Whole uncropped blots represented in Figure

supplement 1C. NF2, TEAD4 and GADPH protein levels in WT or YAP-KO HEK293T cells.
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Figure supplement 2. Characterization of the interaction between NF2 and TEADA4.

(A) The GST-pull down assay was performed to assess the interaction between TEAD4-

YBD and NF2 C-terminal truncations. CBB, Coomassie brilliant blue. The schematic views

of NF2 C-terminal truncations showed in right panel. Related to Figure 2.

(B) The indicated residues on the surface of NF2 were screened for the interaction with

TEAD4 by GST binding assay. N/A, not available. Related to Figure 3.

(C) The five key residues of NF2 were pinpointed to mediate interaction with TEAD4.

(D)Table of NF2 mutation sites applied in this study.

Figure supplement 2-source data 1. Whole SDS-PAGE images and uncropped blots

represented in Figure supplement 2A. TEAD4-YBDnis and GST-NF2 fragment protein

levels in GST pull-down assay.
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Figure supplement 3. The flow cytometry to measure fluorescence signals of indicated

cells from BiFC assay.

(A) Fluorescence signals of the cells used in BiFC assay were sequentially measured and

quantified by flow cytometry. Gating strategies used for flow cytometry and cells were

selected in the FSC-H/SSC-H dot plot to remove debris. Quantification of signals from flow

cytometry showed in Figure 4B.
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Figure S4
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Figure supplement 4. The overexpression of NF2 in cells does not affect APT2 protein
levels.

(A) NCI-H226 cells transfected Myc-NF2 to determine the protein levels of APT2 via
immunoblotting.

Figure supplement 4-source data 1. Whole uncropped blots represented in Figure

supplement 4A. APT2, NF2 and beta-actin protein levels in NCI-H226 cells.
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