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Abstract40

Background: Thymic stromal lymphopoietin (TSLP) is present in two distinct41

isoforms, short-form (sfTSLP) and long-form (lfTSLP). lfTSLP promotes42

inflammation while sfTSLP inhibits inflammation in allergic asthma. However,43

little is known about the regulation of lfTSLP and sfTSLP during allergic attack44

in asthma airway epithelium.45

Methods and Results: Here, we report that SUMOylation was enhanced in46

HDM-induced allergic asthma airway epithelium. Inhibition of SUMOylation47

significantly alleviated airway Th2 inflammation and lfTSLP expression.48

Mechanistically, CBX4, a SUMOylation E3 ligase, enhanced lfTSLP, but not49

sfTSLP, mRNA translation through the RNA binding protein, MEX-3B. MEX-3B50

promoted lfTSLP translation through binding of its KH domains to the lfTSLP51

mRNA. Furthermore, CBX4 regulated MEX-3B transcription in HBE through52

enhancing SUMOylation levels of the transcription factor, TFII-I.53

Conclusion: We demonstrate an important mechanism54

whereby CBX4 promotes MEX-3B transcription through enhancing TFII-I55

SUMOylation, and MEX-3B enhances the expression of lfTSLP through56

binding to the lfTSLP mRNA and promoting its translation. Our findings57

uncover a novel target of CBX4 for therapeutic agents to lfTSLP-mediated58

asthma.59

Keywords: Asthma, airway inflammation, TSLP, SUMOylation, CBX460
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62

Introduction63

Thymic stromal lymphopoietin (TSLP) is an IL-7 like factor and has been64

reported to be an important epithelium-derived factor involved in the initiation65

and remodeling of allergic airway inflammation1. TSLP has been shown to66

contribute to T2-high inflammation by imparting its function on dendritic cells2,67

innate lymphoid cells3, and mast cells4. Additionally, TSLP also been68

demonstrated to function in neutrophilic T2-low airway inflammation by69



activating dendritic cells to induce Th17 phenotype5. These data suggest that70

targeting TSLP might achieve broader effects. It has been reported that71

tezepelumab, an antibody targeting TSLP, significantly decreased the72

symptoms of patients with uncontrolled moderate-to-severe asthma73

exacerbations, irrespective of baseline blood eosinophils6. However, it has74

been demonstrated that TSLP exists in two distinct isoforms, long-form (lfTSLP)75

and short-form (sfTSLP), in human bronchial epithelial cells (only full length76

TSLP has been detected in mice)7. Previous data from our lab and others77

showed sfTSLP functions in antimicrobial activity and maintaining immune78

homeostasis, while lfTSLP promoted inflammation. In epithelium challenged79

with poly(I:C) and HDM, lfTSLP expression is upregulated, while sfTSLP80

expression is unaffected 7, 8. Given that sfTSLP are composed of 63 amino81

acid residues which are homologous to the lfTSLP C-terminal portion, the role82

of sfTSLP should be kept in mind when proposing therapeutic drug strategies83

to block lfTSLP in patients with asthma. Therefore, it is critical to understand84

the specific regulatory mechanisms of lfTSLP.85

SUMOylation is an important post-translational modification implicated in86

many biological processes and diseases9. There are three mammalian87

SUMOylating enzymes (SUMO1–3). Activating (E1), conjugating (E2), and88

ligating (E3) enzymes are involved in protein SUMOylation10. SUMOylation is89

removed by a family of SUMO specific proteases (SENPs)11. Unlike90

polyubiquitylation, which facilitates protein degradation, SUMOylation91

regulates protein stability by affecting protein cellular localization and92

protein–protein or protein–DNA interactions12. It has been reported that93

SUMOylation can regulate innate immunity and inflammatory responses94

through altering protein stability, such as SUMOylation of RIG-I and MDA5 by95

PIAS2 to increase their antivirus type I IFN responses13, 14. In addition, SENP296

and SENP6 catalyze the de-SUMOylation of IRF3 and IKKγ, respectively,97

inhibiting TLR inflammatory responses and cellular antivirus responses15, 16.98

These studies indicate SUMOylation might perform multiple functions in innate99



immunity and inflammatory responses via various substrates. It has been100

reported that the airway epithelium functions as an innate immunity barrier can101

activate by allergen through toll like receptor 3 and protease-activated receptor102

2 and then cause an increase expression of TSLP17, 18. However, whether103

SUMOytion is involved in TSLP expression is unclear.104

In the present study, we demonstrate that inhibition of SUMOylation alleviates105

airway inflammation and hyper-reactivity in an experimental model of allergic106

asthma. Furthermore, we identified CBX4, a SUMOylation E3 ligase, as107

playing a critical role in long form, but not short form, TSLP expression.108

Mechanistically, CBX4 regulates transcription of the RNA binding protein109

MEX-3B by enhancing transcription factor SUMOylation levels of TFII-I,110

resulting in enhanced expression of lfTSLP through MEX-3B binding to the111

lfTSLP mRNA and promoting its translation.112

Results113

Inhibition of SUMOylation Attenuates Airway Th2 Inflammation114

To determine whether disproportional levels of115

SUMOylation/deSUMOylation occurs in asthma airway epithelium, we116

examined SUMO proteins level in an HDM-induced mouse model of asthma117

(Figure 1A). The immunohistochemical (IHC) results show a significant118

increase in expression of SUMO1 and SUMO2/3 in HDM-induced allergic119

airway epithelium (Figure 1B). Similar results were observed in mouse lung120

protein extracts (Figure 1C). These observations indicated enhanced levels of121

SUMOylation in asthma airway epithelium. Based on these observations, we122

wanted to address whether inhibition of SUMOylation may affect HDM-induced123

allergic airway inflammation. Mice were administered the SUMOylation124

inhibitor, 2-D08, before every challenge. Compared to PBS-treated mice,125

airway inflammation, mucus production, and hyper-reactivity significantly126

increased in HDM-treated mice (Figure 1D-H). In contrast to the only127

HDM-treated mice, HDM exposure induced much smaller peri-bronchial128

inflammation cells infiltration in the lungs of 2-D08-treated mice (Figure 1D).129



Mucus production also decreased in the airway of 2-D08-treated mice (Figure130

1D). Consistent with these findings, leucocytes (eosinophils and neutrophils)131

(Figure 1E) and Th2 cytokines (IL-4, IL-5) (Figure 1F) from BALF, and total lgE132

(Figure 1G) in sera were reduced in 2-D08-treated mice. Airway133

hyper-reactivity (AHR) was measured after exposure to increasing doses of134

methacholine. We observed that 2-D08 treated mice significantly exhibited135

reduced AHR compared to HDM-treated mice (Figure 1H). Collectively, these136

results show that SUMOylation was enhanced after exposure to HDM, and that137

inhibition of SUMOylation can alleviate airway inflammation, mucus138

overproduction, and AHR.139

lfTSLP Induction was Suppressed in 2-D08-Treated Asthma Mice and140

HBE141

A study by Mitchell et al. reported that the airway epithelium is the main142

source of “alarmins” (e.g. IL-25, IL-33, and TSLP) in repose to allergens19.143

Thus, we wondered whether inhibition of SUMOylation affects expression of144

these cytokines. We observed that IL-25 and TSLP, but not IL-33, proteins145

levels were reduced in 2-D08-treated mice lung extracts compared to146

HDM-treated mice (Figure 2A). To further investigate the effect of 2-D08 on the147

expression of “alarmins” in airway epithelium, we used lung histological148

sections stained for IL-25, IL-33 and TSLP. We found only TSLP expression149

was attenuated in airway epithelium of 2-D08 treated mice (Figure 2B-D).150

These results indicate that inhibition of SUMOylation decreases TSLP151

expression in the airway epithelium.152

In humans, TSLP exists in two distinct isoforms, lfTSLP and sfTSLP, while153

only full length TSLP is found in mice7. We therefore investigated the effect of154

SUMOylation on lfTSLP and sfTSLP expression in human bronchial epithelial155

cells (HBE). We found that 2-D08-treated HBE display a significant reduction156

of lfTSLP protein expression (Figure 2E). Because there is no commercial157

primary antibody specific to sfTSLP, we designed primers specific to sfTSLP to158

measure the level of mRNA expression. We found that 2-D08 had no effect on159



sfTSLP expression (Figure 2F). Unexpectedly, 2-D08 also did not affect lfTSLP160

mRNA expression (Figure 2F). This finding suggests that SUMOylation may161

regulate lfTSLP post-transcriptionally. Altogether, these observations suggest162

that SUMOylation functions in lfTSLP expression in asthma model airway163

epithelium and HDM-treatment HBE.164

CBX4 is Involved in the Regulation of lfTSLP Expression in HBE165

Given E3 enzymes and SENPs show specificity for substrates10. For this166

reason, E3 enzymes and SENPs might be potential targets for therapeutic167

strategies20, 21. Therefore, we performed RT-PCR to evaluate the expression of168

SUMOylation E3 ligases and deSUMOylation enzymes. Following exposure of169

HBE to HDM, we observed that the expression of SUMOylation E3 ligases are170

variably elevated while deSUMOylation enzymes SENPs are unaffected171

(Figure 3A). Among the upregulated SUMOylation E3 ligases, expression of172

CBX4 and PIAS1 increased significantly (Figure 3A and 3B). Consistent with173

the immunoblotting data in HBE in vitro, HDM-treated mice show a higher174

expression of CBX4 in lung extracts and airway epithelium compared to175

PBS-treated cells (Figure 3C and 3D). To evaluate the effect of CBX4 and176

PIAS1, HBE were transfected with siRNAs targeting CBX4 and PIAS1,177

respectively. We observed that siRNA knockdown of CBX4 resulted in a178

significant decrease in the level of lfTSLP protein while having no effect on179

IL-25 and IL-33 (Figure 3E and 3G). However, knockdown of PIAS1 did not180

affect the expression of lfTSLP, IL-25, or IL-33 (Figure 3F and 3H). Intriguingly,181

the level of lfTSLP mRNA expression was unaffected in HBE after knockdown182

of CBX4 or PIAS1 (Figure 3I and 3J). The discrepancy between the level of183

lfTSLP protein and mRNA indicated that CBX4 might regulate the expression184

of lfTSLP posttranscriptionally. Collectively, these data suggest that the185

SUMOylation E3 ligase CBX4 functions in lfTSLP protein expression in186

HDM-simulated HBE.187

188

CBX4 is involved in the Regulation of lfTSLP Translation189



In addition to its function as a SUMOylation E3 ligase, CBX4 is also a190

member of chromobox (CBX) protein family, which are canonical components191

of polycomb repressive complex 1 (PRC1) that functions as a transcription192

repressor22. The N-terminal chromodomain and two SUMO-interacting motifs193

(SIM 1/2) of CBX4 contribute to PRC1 and SUMO E3 ligase-dependent194

functions, respectively (Figure 4A). To investigate whether the effect of CBX4195

in lfTSLP expression depends on its function in PRC1 or as a SUMO E3 ligase,196

expression of lfTSLP in HBE was measured following transfection with CBX4197

plasmids bearing mutants in its chromodomain (CDM) or SIM (∆SIM 1/2)198

(Figure 4A). we observed that ectopic expression of wild-type CBX4199

(WT-CBX4) and CDM-CBX4 significantly increased the level of lfTSLP protein,200

whereas ∆SIM 1/2-CBX4 failed to do so (Figure 4B). This result suggests that201

CBX4 regulates lfTSLP through its SUMOylation function. This is finding202

agrees with the reduced level of lfTSLP protein observed in 2-D08-treated203

HBE (Figure 2C). In contrast, HBE treated with UNC3866，an inhibitor of the204

CBX4 chromodomain-histone interaction domain, did not affect lfTSLP205

expression compared to control (Figure 4C). Furthermore, these plasmid206

transfections did not affect lfTSLP mRNA expression in HBE (Figure 4D).207

These data indicate that SIM 1/2, but not the chromodomain of CBX4, are208

required for its regulation of lfTSLP expression.209

As mentioned above, the effect of CBX4 on lfTSLP expression was SIM 1/2210

dependent. To explore whether lfTSLP was regulated through CBX4-mediated211

SUMOylation directly, we performed immunoprecipitation to determine212

whether there is an interaction between CBX4 and lfTSLP. Unexpectedly, no213

interaction between these two proteins was observed (Figure 4E). Furthermore,214

HBE was treated with the protein synthesis inhibitor, cycloheximide (CHX),215

with or without CBX4 knockdown. The rate of degradation of lfTSLP protein216

was similar in HBE transfected with CBX4 or negativesiRNA (Figure 4F).217

These results indicate that CBX4 did not regulate lfTSLP expression218

post-translationally. We therefore speculated that CBX4 might affect mRNA219



translation of lfTSLP. As mentioned above, CBX4 knockdown in HBE results in220

reduced levels of lfTSLP protein while the level of mRNA was un affected.221

Therefore, we treated HBE with the RNA polymerase II inhibitor actinomycin D222

for different time intervals with or without CBX4 knockdown. We observed that223

knockdown of CBX4 did not affect lfTSLP mRNA degradation in HBE224

compared to the control group (Figure 4G). Furthermore, to determine whether225

CBX4 affects lfTSLP translation, we performed polysome fractionation to226

analyze lfTSLP mRNA distribution profiles through sucrose gradients to227

separate ribosomal subunits (40S and 60S), monosomes (80S), and228

progressively larger polysomes in HBE subjected to CBX4 siRNA transfection.229

Each group was divided into 12 fractions and the levels of lfTSLP and GAPDH230

mRNA were assessed by RT-PCR analysis. We observed that lfTSLP mRNA231

shifted from fractions enriched for translating polyribosomes fractions (5–12),232

indicative of enhanced translation, to fractions containing translation-dormant233

complexes, including mRNPs, ribosome subunits, and monosomes (fractions234

1–4) after CBX4 knockdown in HBE (Figure 4H). Overall, these results support235

the idea that CBX4 enhances lfTSLP translation without affecting its mRNA236

stability in HDM-treated HBE.237

CBX4 Promotes lfTSLP Translation through the RNA Binding Protein238

MEX-3B239

It has been reported that RNA binding proteins (RBPs) are essential for240

posttranscriptional gene regulation, linking RNA transcription, splicing, export,241

rate of translation, and stability23, 24. In all of these processes, RBPs coordinate242

the regulation of the amount of proteins produced from mRNA transcripts. To243

determine whether CBX4 regulates lfTSLP translation through RBPs, HBE244

transfected with CBX4 siRNA and control siRNA were subjected to245

whole-transcriptome sequencing. Sequencing analysis revealed that a total of246

283 genes (197 upregulated and 86 downregulated) significantly changed in247

HBE transfected with siRNA targeting CBX4 compared to control. Included in248

the 86 downregulated genes were MEX-3B and RBM44 (Figure 5A), two RBPs249



that play an important role in posttranscriptional gene regulation and are250

involved in a variety of diseases25, 26. Interestingly, RT-PCR analysis confirmed251

that MEX-3B, but not RBM44, is regulated by CBX4 (Figure 5B). Additionally,252

MEX-3B protein expression decreased after CBX4 knockdown in HBE (Figure253

5C). Furthermore, we observed that MEX-3B was upregulated in254

HDM-stimulated HBE (Figure 5D-E).255

MEX-3B is a member of MEX-3 family, which comprises MEX-3A, MEX-3B,256

MEX-3C, and MEX-3D. It has been reported that the MEX-3 family of proteins257

bind to specific mRNAs and regulate the expression of their proteins258

depending on two K-homology (KH)-type RNA-recognition domains27.259

Therefore, we also explored whether other MEX-3 family proteins were260

regulated by CBX4, and found that CBX4 knockdown had no effect on261

MEX-3A, MEX-3C, and MEX-3D expression (Figure S1). However, whether262

MEX-3B is involved in the posttranscription regulation of lfTSLP remains263

unclear. To determine if MEX-3B is involved in the posttranscription regulation264

of lfTSLP, lfTSLP protein and mRNA levels were measured in HBE transfected265

with siRNA targeting MEX-3B. We observed that lfTSLP protein expression,266

but not mRNA expression, significantly decreased after MEX-3B knockdown267

(Figure 5F and 5G). To address whether MEX-3B exerts its effect through268

binding to lfTSLP mRNA, we predicted the potential binding sites between the269

MEX-3B protein and lfTSLP mRNA using the protein-RNA interaction database,270

catRAPID. The results suggest that MEX-3B may interact with the lfTSLP271

mRNA 5＇UTR through its KH domains (Figure 5H). To confirm this, lysates272

from HDM-treated HBE were subjected to immunoprecipitation with a MEX-3B273

primary antibody, then lfTSLP mRNA associated with complexity was detected274

by RT-PCR. We observed that the MEX-3B protein interacted with the lfTSLP275

mRNA, but not the sfTSLP mRNA, and that the interaction was enhanced276

upon HDM stimulation (Figure 5I). Furthermore, knockdown of MEX-3B277

repressed lfTSLP translation (Figure 5J). To explore whether MEX-3B278

facilitating lfTSLP mRNA translation depends on its KH domains, HBE were279



transfected with plasmids encoding wild-type MEX-3B or a KH domains mutant280

MEX-3B. We found that wild-type MEX-3B transfection significantly increased281

lfTSLP protein levels while the KH domains mutant failed to do so (Figure 5K).282

Additionally, the MEX-3B KH domains mutant exhibited a lower level of283

association with the lfTSLP mRNA compared to wild-type MEX-3B (Figure 5L).284

These data suggest that CBX4 promotes lfTSLP translation through the RNA285

binding protein MEX-3B, and that MEX-3B binds to the lfTSLP mRNA and286

facilitates its translation through its KH domains.287

The Transcription Factor TFII-I Binds the MEX-3B Promoter288

As mentioned above, CBX4 regulates MEX-3B mRNA and protein289

expression. Additionally, CBX4 knockdown in HBE treated with actinomycin D290

did not affect lfTSLP mRNA degradation compared to the control group (Figure291

6A). This suggested that CBX4 may regulate the transcription of MEX-3B.292

Therefore, we speculated that CBX4 may directly bind to the MEX-3B293

promoter and scanned the potential binding sites between CBX4 and the294

MEX-3B promoter through hTFtarget database. Unfortunately, no potential295

binding sites were found on the MEX-3B promoter (Figure S2). Furthermore,296

we found that the CBX4-histone interaction inhibitor UNC3866 failed to alter297

MEX-3B expression (Figure 6B). These data suggested that CBX4 might not298

function as a transcription factor for MEX-3B by binding directly to the299

promoter.300

Therefore, we hypothesized that CBX4 might function as a transcriptional301

coactivator of MEX-3B. To confirm this, we first used the ALGGEN database to302

predict the transcription factors that might bind to the promoter of MEX-3B.303

The result show that there are 17 potential transcription factors of MEX-3B304

(Figure S3). Next, we conducted an interaction prediction between CBX4 and305

these factors through GENEMANIA. Intriguingly, only general transcription306

factor II (TFII-I, encoded by GTF2I) may interact with CBX4 (Figure 6C) and307

immunoprecipitations confirmed the interaction (Figure 6D and 6E). Similarly,308

colocalization of CBX4 and TFII-I was also observed upon HDM stimulation in309



HBE (Figure 6F). Next, we investigated whether TFII-I could regulate MEX-3B310

expression. Knockdown of TFII-I resulted in a significant decrease of MEX-3B311

protein and mRNA levels (Figure 6G and 6H). To validate TFII-I as a312

transcription factor of MEX-3B, HBE treated with HDM were subjected to313

chromatin immunoprecipitation (ChIP). Because the database indicated five314

major potential TFII-I binding sites in the MEX-3B promoter region, five315

MEX-3B promoter-specific primers covering these sites were designed for316

RT-PCR. The results of the ChIP assay identified binding of TFII-I to the317

MEX-3B promoter (-680~-751), which was significantly enhanced in HBE318

simulated by HDM (Figure 6J). Furthermore, we observed that overexpression319

of TFII-I promoted transcriptional activity of MEX-3B using a luciferase reporter320

assay (Figure 6K). These results suggest that TFII-I is a transcriptional321

activator of MEX-3B.322

CBX4-mediated TFII-I SUMOylation Enhanced the Transcription of323

MEX-3B324

Previous studies have demonstrated that the transcriptional activity of TFII-I325

could be enhanced by SUMOylation28. Therefore, we suspected that CBX4326

might alter the level of TFII-I SUMOylation and, therefore, transcriptional327

activity. We observed that CBX4 knockdown caused a significant reduction of328

TFII-I binding to MEX-3B promoter and transcriptional activity (Figure 7A and329

7B). Interestingly, HDM stimulation or CBX4 knockdown did not alter TFII-I330

expression in HBE (Figure 7C). Consistently, the expression levels of TFII-I331

were equal in control, HDM-treated, and 2-D08-treated mice airway epithelium332

(Figure 7D). These results indicated that CBX4 regulated only TFII-I333

transcriptional activity, not its expression. To confirm that CBX4 regulates TFII-I334

transcriptional activity through SUMOylation, the level of TFII-I SUMOylation335

was measured by co-immunoprecipitation in HBE stimulated with HDM. We336

found the conjunction of TFII-I and SUMO1 was enhanced after exposuring to337

HDM while decreasing after knock down CBX4 in HBE (Figure 7E and 7F).338

Similarly, colocalization of TFII-I and SUMO1 increased upon HDM simulation,339



and decreased upon CBX4 knockdown (Figure 7G and H). Next, we340

investigated whether CBX4 regulation of the transcription activity of TFII-I341

depends on the SIM structure of CBX4. For convenience of transfection,342

human 293T cells were transfected with plasmids expressing TFII-I and343

different mutant forms CBX4. CHIP and luciferase reporter gene assay344

showed that overexpression of CBX4 promoted TFII-I binding to the MEX-3B345

promoter and transcription activity, and this effect persisted with the346

transfection of CDM-CBX4, but not △SIM 1/2-CBX4 (Figure 7G and 7H).347

These observations support the hypothesis that CBX4 increases TFII-I348

SUMOylation and enhances the binding of TFII-I to the MEX-3B promoter,349

resulting in an increase in TFII-I-mediated MEX-3B transcription.350

Discussion351

For the first time, we observed that SUMOylation was enhanced in352

HDM-induced allergic asthma epithelium and that inhibiting the SUMOylation353

E2 enzyme reduced airway inflammation, mucus production, and airway354

hyper-reactivity. Furthermore, we observed that inhibition of SUMOylation355

significantly decreased the expression of lfTSLP, but not IL-25 and IL-33 ,in356

epithelial cells. These results indicate that SUMOylation participates in357

lfTSLP-mediated allergic airway inflammation.358

TSLP is reported to be involved in the regulation of inflammatory processes359

occurring at the barrier surfaces. For example, a significant upregulation was360

observed in asthma, atopic dermatitis and ulcerative colitis29-31. Harada et al361

provided evidence for the existence of two different isoforms (long form and362

short form) of TSLP in human bronchial epithelial cells7. It has been reported363

that the expression of lfTSLP is upregulated while expression of sfTSLP is364

unaffected in airway epithelium challenged with poly(I:C) and HDM7, 8.365

However, the exact mechanism of this difference in expression remains366

unclear. Previous studies focused on the difference of their gene promoters367

(SNP and transcription factors)32, 33. However, little is known about their368

post-transcription regulation. In our study, we identified a novel369



post-transcriptional modification mechanism that specifically regulates lfTSLP,370

but not sfTSLP, expression. We observed that the SUMOylation E3 ligase,371

CBX4, can promote lfTSLP expression but has no effect on sfTSLP expression.372

Unexpectedly, we found that CBX4 does not affect lfTSLP mRNA expression.373

We subsequently identified that the RNA binding protein MEX-3B, which is374

regulated by CBX4, can specifically binding to lfTSLP, but not sfTSLP, mRNA375

and promote its translation.376

MEX-3B is a member of MEX-3 family (MEX-3A, MEX-3C, and MEX-3D).377

This family of proteins binds to specific mRNAs and regulates the expression378

of their proteins through their two K homology (KH)-type RNA-recognition379

domains27. MEX-3B has been shown to mediate post-transcriptional stability of380

IL-33 through its association with the IL-33 mRNA 3＇ UTR and avoid its381

degradation in IL-33 induction of ovalbumin allergic asthma model26.382

Interestingly, we could not detect upregulation of IL-33 in airway epithelium in383

our HDM-induced allergic asthma and found that MEX-3B regulates lfTSLP384

RNA translation rather than affecting its stability. Moreover, database385

prediction suggested that MEX-3B might bind to the lfTSLP mRNA 5＇UTR.386

These contradictory results may be explained by differences in asthma models.387

These results indicate that MEX-3B exerts multiple post-transcription functions388

according to the asthma model.389

Mechanistically, we identified CBX4 as a transcriptional coactivator of390

MEX-3B. Despite CBX4 knockdown resulting in the downregulation of MEX-3B391

mRNA and protein expression, it did not bind to the MEX-3B promoter directly.392

Although we did not observe an interaction between CBX4 and TFII-I, a393

transcription factor of MEX-3B, CBX4 enhanced the level of SUMOylation of394

TFII-I, which promoted its transcriptional activity. TFII-I has been reported to be395

involved in an array of human diseases, including neurocognitive disorders,396

systemic lupus erythematosus (SLE), and cancer34. To our knowledge, this397

report is the first to demonstrate a role for TFII-I in TSLP-mediated allergic398

inflammation. However, several limitations of this study warrant discussion. For399



example, we failed to obtain samples from patient with asthma for this study.400

The expression of CBX4 in the airway epithelium of patients with asthma401

(including those with different inflammation phenotypes) merit additional study.402

In addition, further investigation of the airway epithelium from a CBX4 KO mice403

asthma model is warranted.404

Collectively, our findings have identified a CBX4/TFII-I/MEX-3B/lfTSLP axis405

involved in lfTSLP-mediated allergic airway inflammation, suggesting that406

substrates targeting SUMO E3 ligase activity of CBX4 would be a novel target407

for the treatment of asthma.408

409



Methods410

Animals.411

All animal experimental protocols were approved by Animal Care and Use412

Committee of Southern Medical University. C57BL/6 mice at 6 weeks of age413

were used to established the model of asthma. Briefly, mice were sensitized414

with intraperitoneal 40000U House dust mite (ALK-Abello A/S, A4963) on days415

1 and 7, then challenged twice a week by intranasal (i.n.) instillations of416

40000U HDM for a total of seven weeks. Control group received i.n.417

instillations of PBS alone. For the 2-D08 (MCE, HY-114166) treatment group, 3418

mg/kg 2-D08 was administered via oral gavage 2h before every challenge.419

Assessments were performed 24 hours after the last i.n. challenge.420

Assessment of airway hyperactivity (AHR), serum lgE and analysis of421

bronchoalveolar lavage fluid (BALF).422

Twenty-four hours after the last challenge, mice airway resistance was423

performed after challenge with increasing doses of methacholine (0, 3.125,424

6.75, 12.5, 25, 50 mg/ml) under anesthesia and mechanical ventilation. The425

airway resistance at each graded concentration of methacholine was426

expressed as percentage of baseline value.427

After airway resistance measurement, mice were sacrificed with overdose428

anesthetic. Blood samples were collected by enucleating eyeballs. Blood429

samples were centrifuged and supernatants were stored at -80 ℃. Serum total430

lgE was quantified by ELISA (RayBiotech).431

After blood was taken, bronchoalveolar lavage was performed with 0.5 mL432

PBS twice and the recovered fluids were pooled. Bronchoalveolar lavage fluid433

(BALF) was centrifuged at 1500 rpm for 10 mins and the supernatant was used434

to measure inflammatory cytokines (IL-4, IL-5, IL-13, γ-INF) by LUMINEX435

multi-factor detection (MERCK). The cell pellets were fixed in 4%436

formaldehyde for Wright-Giemsa staining and total cells were counted and437

classified in each slide.438

Histology and immunofluorescence.439



The lung tissue was fixed in 4% formaldehyde and embedded in paraffin440

followed by cutting into sections for hematoxylin and eosin (HE),441

immunocytochemistry (IHC) and immunofluorescence (IF) staining. Sections442

were deparaffinized with xylene and hydrated with a gradient of ethanol.443

Airway inflammation cell infiltration was assessed by HE staining. For IHC,444

antigen retrieval was carried out through boiling with citrate buffer (pH 6) in a445

microwave oven for 20 min. Inactivation of endogenous peroxidase was446

performed by incubating with 30% hydrogen peroxide for 10 min prior to447

incubating with primary antibody at 4 ℃ overnight and then with secondary448

antibody 20 min at room temperature before staining with DAB and449

counterstaining with hematoxylin. For IF, sections were incubated with primary450

antibody at 4 ℃ overnight following incubating with Alexa 488-labeled goat451

anti-rabbit or 596-labeled goat anti-mouse IgG antibody. Nuclei were452

counterstained with DAPI for 5 mins. Images were acquired by using a453

confocal fluorescence microscope (Olympus, Japan).454

Cell culture, reagents, transfection.455

Human bronchial epithelial cell line HBE-135-E6E7 (Fuheng biology) was456

used in this study. HBE were cultured in keratinocyte medium (ScienCell) in a457

37℃ incubator with 5% CO2 atmosphere. HBE was treated with 2-D08 (5, 10,458

20μM) or UNC3866 (MCE, HY-100832) (50, 100, 200 nM) for 24 hours, then459

400U/mL HDM (ALK-Abello A/S, A4963) was added for an additional 24 hours.460

Lipofectamine 3000 (Thermo Fisher Scientific) was used to transfect all461

siRNAs and plasmids according to manufacturer instructions. The siRNA462

sequences are listed in supplementary materials (Supplement Table 1).463

Plasmids464

pSIN-EF2-PURO-CBX4, pSIN-EF2-PURO-CBX4 (SIM 1/2 mutant), and465

pSIN-EF2-PURO-CBX4 (chromodomain mutant) plasmids were gifts from Prof.466

Tie-Bang Kang (Sun Yat-sen University). The plasmids Flag-MEX-3B,467

Flag-MEX-3B mut KH (G83D, G177D) and Flag-TFII-I were cloned into468

pcDNA3.1 vector. CBX4 and MEX-3B were knock down by short hairpin. The469



targeting sequence: CBX4:5’-GCAAGAGCGGCAAGUACUATT-3’; MEX-3B:470

5’-CAAUAACAAUAACGGCAAUTT-3’.471

Real-time quantitative RT-PCR.472

Total RNA was isolated following the protocol by the Trizol kit (TAKARA).473

SYBR Green (Roche) was used to perform Quantitative RT-PCR by Real-Time474

PCR instrument (Bio-Rad). The primers were searched on NCBI and listed in475

supplemental material (Supplement Table 2). The data was calculated using476

the 2-ΔΔCt method to compare the difference.477

Immunoblot analysis and immunoprecipitation.478

For Western blots, cells were lysed in RIPA buffer for 15 min, then479

centrifugated at 14000 rpm at 4 ℃ for 15 min. 1x SDS loading buffer was480

added to supernatants and boiled for 10 min. Proteins were separated by481

SDS-PAGE and transferred to PVDF membranes. The PVDF membranes482

were blocked with 5% BSA and incubated with primary antibody at 4 ℃483

overnight, then secondary antibody was added at room temperature for 2484

hours. The protein bands were detected on an Odyssey imaging system. For485

immunoprecipitation, cells were lysed in IP lysis buffer (containing protease486

inhibitor, PMSF, and 20 mM Nethylmaleimide) for 15 min on ice and487

centrifuged at 14000 rpm at 4 ℃ for 15 min. The supernatants were precleared488

using protein A/G beads and the IP primary antibody or negative IgG was489

added to lysates at 4 ℃ overnight in rotation before incubating with 50ul490

protein A/G beads at room temperature for 2 hours. The immuno-complex was491

collected by centrifugation at 3000 rpm for 2 min and washed three times with492

1 mL IP wash buffer. The complex was analyzed by immunoblotting.493

Antibodies used in this study were as follows: anti-CBX4 (abclonal, A6221),494

anti-PIAS1 (proteintech, 14242-1-AP), anti-TSLP (abcam, ab188766),495

anti-IL-25 (abclonal, A8252), anti-IL-33 (abclonal, A8096), anti-MEX-3B496

(santacruz, sc-515833), anti-FLAG (proteintech, 20543-1-AP), anti-β-actin497

(proteintech, 60008), anti-sumo1 (santacruz, sc-5308), anti-sumo 2/3498

(santacruz, sc-393144 ), anti-TFII-I (CST, 4562).499



Polyribosome Profile Analysis.500

Sucrose gradient fractionation was carried out as described previously35.501

Briefly, cells were treated with 100 µg/mL cycloheximide (MCE, HY-12320) at502

15 to 30 min prior to harvesting. The cells were lysed with polysome lysis buffer,503

then centrifuged at 10,000 x g for 20 min at 4 °C. The supernatant was added504

to the top of a 10-50% sucrose gradient. The gradients were centrifuged for 90505

min in a SW41Ti swinging bucket rotor at 190,000 x g (~39,000 rpm) at 4 °C506

and 12-1 mL fractions were collected by upward replacement. The fractions507

were subjected to RNA isolation and Real-time RT-PCR mentioned above.508

RNA immunoprecipitation assay.509

RNA immunoprecipitation assay was carried out according to the Magna510

RIP RNA-Binding Protein Immunoprecipitation Kit manufacturer’s instruction511

(Millipore). Briefly, cells were lysed in RIP lysis buffer for 15min and centrifuged512

at 14,000 x g for 15 min at 4 °C. The supernatants were collected and513

immunoprecipitated with antibody to the protein of interest with protein A/G514

magnetic beads. Magnetic bead bound complexes were immobilized with a515

magnet and unbound material was washed off. Extract RNAs and detect target516

gene by RT-PCR.517

Chromatin immunoprecipitation assay518

Chromatin immunoprecipitation assay was carried out according to519

SimpleChIP® Enzymatic Chromatin IP Kit (CST, 9003). Briefly, cells were fixed520

with formaldehyde to cross-link histone and non-histone proteins to DNA. Then521

chromatin was digested with micrococcal nuclease into 150-900 bp522

DNA/protein fragments. Next, antibodies (TFII-I, H3, and lgG) were added and523

the complex co-precipitated and was captured by Protein G Agarose or Protein524

G magnetic beads. Finally, the cross-links were reversed, and the DNA was525

purified and ready for RT-PCR analysis. The CHIP primers are listed in the526

supplemental material (table 2).527

Statistical analysis.528



When comparing two groups, statistical analysis was performed by unpaired529

two tailed Student’s t-test (normal distribution data). Multiple comparisons were530

analyzed through one-way ANOVA followed by Bonferroni's test. AHR data531

were analyzed using two-way ANOVA. Data were analyzed with GraphPad532

Prism 6.0 (GraphPad software). The data were presented as mean ±SEM.533

Differences were considered statistically significant when the p-value < 0.05.534
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624
625

Figure legends626
627

Figure 1. Inhibition of SUMOylation reduces HDM-induced allergic asthma. (A) Mice628
were sensitized (i.p) with 400 U HDM or PBS on days 0 and 7, then challenged (i.n) with629
400 U HDM or PBS from day 10 to day 56, and samples were collected on day 57. Mice630
were treated with 2-D08 before every challenge in the SUMOylation inhibition group. (B)631
Lung sections were stained with SUMO 1 and SUMO 2/3 antibody by632
immunocytochemistry. (C) Immunoblot analysis of SUMO 1 and SUMO 2/3 in mice lung633
protein extract. (D) Lung sections were stained with HE and PAS. Quantification of634
inflammatory cell infiltration and airway mucus production in lungs was performed. (E)635
Cells in BALF were counted and classified following Wright-Giemsa staining. (F)636
Cytokines in BALF were measured by ELISA. (G) Serum lgE were qualified by ELISA. (H)637
Invasive measurement of dynamic airway resistance in response to increasing doses of638
methacholine. Data are representative of 2 independent experiments with at least 5 mice639
per group, and are presented as mean ± SEM. NS, Not significant. (D and G) One-way640
ANOVA with Bonferroni's post hoc test was used. (H) Two-way ANOVA was641
used. *p < 0.05, **p< 0.01, ***p < 0.001, and ****p< 0.0001. Scale bar, 100 µm.642

643
Figure 2. Inhibition of SUMOylation reduces lfTSLP protein expression. (A)644
Immunoblot analysis of IL-25, IL-33 and TSLP in mice lung protein extract. (B-D) Lung645
sections were stained with IL-25, IL-33 and TSLP antibody by immunocytochemistry. (E)646
lfTSLP protein levels were detected by Western blotting in HBE treated with different647
concentrations of 2-D08. (F) then analyzed lfTSLP and sfTSLP mRNA expression in HBE648
treated with 20 μM 2-D08 was measured by RT-PCR. Data are presented as mean ± SEM.649
Images show representative results for one of 3 or more experimental replicates. NS, Not650
significant. (A) One-way ANOVA with Bonferroni's post hoc test was used. (E and651
F) Unpaired two tailed Student’s t-test was used. * p < 0.05, ** p < 0.01, and *** p <652
0.001. Scale bar, 100 µm.653

654
Figure 3. SUMOylation E3 ligase CBX4 regulates lfTSLP protein expression. (A) HBE655
were stimulated with 400 U HDM for 24 hr and expression of SUMOylation E3 ligases656



(PIAS1-4, CBX4, MMS21, ZNF451 and RanBP2) and deSUMOylation enzymes SENPs657
were measured by RT-PCR. (B and C) CBX4 and PIAS1 protein levels were measured by658
Western blotting in HDM-treated HBE (B) and mice lung protein extracts (C). (D) Lung659
sections were stained with CBX4 and PIAS1 antibody by immunocytochemistry. (E-H)660
Effects of CBX4 (G) and PIAS1(H) knockdown on IL-25, IL-33 and lfTSLP protein661
expression in HBE. (I and J) Effects of CBX4 (H) and PIAS1(I) knockdown on lfTSLP and662
sfTSLP mRNA expression. Data are presented as mean ± SEM. Images show663
representative results for one of 3 or more experimental replicates. NS, Not significant. (B,664
E and F ) One-way ANOVA with Bonferroni's post hoc test was used. (C, G, H, I665
and J) Unpaired two tailed Student’s t-test was used. * p < 0.05, ** p < 0.01, and666
*** p < 0.001. Scale bar, 100 µm.667

668
Figure 4. CBX4 regulates lfTSLP protein translation. (A) Schematic sketches of669
wild-type (WT) CBX4 and its mutants. (B) Immunoblots for the indicated proteins in HBE670
ectopically expressing the WT or CBX4 mutants for 48h. (C) HBE were treated with671
indicated concentrations of UNC3866 for 24hr. Expression of lfTSLP was determined by672
immunoblot analysis. (D) HBE were transfected with WT or CBX4 mutant plasmids for673
48hr and lfTSLP mRNA expression was determined by RT-PCR. (E) HDM-treated HBE674
lysates were subjected to IP with anti-CBX4 antibody or anti-IgG antibody followed by675
immunoblot analysis with anti-lfTSLP antibody. (F) siNC or siCBX4 was transfected into676
HBE followed by treatment with 100 μg/mL cycloheximide (CHX) for the indicated amount677
of time. Expression of lfTSLP was determined by immunoblot analysis. (G) siNC or678
siCBX4 was transfected into HBE followed by treatment with 5 μg/mL actinomycin D for679
the indicated amount of time. The lfTSLP mRNA expression was measured by RT-PCR.680
(H) HBE transfected with shNC or shCBX4 were fractionated into cytoplasmic extracts681
through sucrose gradients. The distribution of lfTSLP and GAPDH mRNAs was quantified682
by RT-PCR analysis of RNA isolated from 12 gradient fractions. Data are presented as683
mean ± SEM. Images show representative results for one of 3 or more experimental684
replicates. NS, Not significant. (B) One-way ANOVA with Bonferroni's post hoc test685
was used. (C) Unpaired two tailed Student’s t-test was used. (F and G)686
Two-way ANOVA was used. *p < 0.05.687

688
Figure 5. CBX4 regulates lfTSLP protein translation through MEX-3B. (A) HBE were689
transfected with siNC or siCBX4 and subjected to RNA-seq. There were 197 upregulated690
and 86 downregulated genes. Among the 86 downregulated genes, there were two RNA691
binding proteins: MEX-3B and RBM44. (B) Expression of MEX-3B and RBM44 was692
validated by RT-PCR in HBE transfected with siNC or siCBX4. (C) HBE were transfected693
with siNC or siCBX4. MEX-3B protein expression was determined by immunoblot analysis.694
(D and E) HBE were stimulated with HDM and MEX-3B protein levels and mRNA were695
measured by immunoblot analysis and RT-PCR, respectively. (F and G) siNC or696
siMEX-3B was transfected into HBE. Expression of lfTSLP protein and mRNA were697
measured by immunoblot analysis and RT-PCR, respectively. (H) The potential binding698
sites of MEX-3B protein and lfTSLP mRNA were predicted by the catRAPID database. (I)699
RT-PCR analysis of lfTSLP and sfTSLP mRNA that co-immunoprecipitated with mouse700



immunoglobulin G (IgG) or anti-Mex-3B antibody in HBE. GAPDH mRNA was used as a701
negative control. (J) HBE transfected with shNC or shMEX-3B were fractionated into702
cellextracts through sucrose gradients. The distribution of lfTSLP and GAPDH mRNAs703
was quantified by RT-PCR analysis of RNA isolated from 12 gradient fractions. (K)704
Immunoblots for the indicated proteins in HBE transfected with control vector, Flag-tagged705
Mex-3B, or Flag-tagged Mex-3B-mutKH. (L) RT-PCR analysis of lfTSLP mRNA706
co-immunoprecipitated with mouse immunoglobulin G (IgG) or anti-Mex-3B antibody in707
HBE transfected with control vector, Flag-tagged Mex-3B, or Flag-tagged Mex-3B-mutKH.708
Data are presented as mean ± SEM. Images show representative results for one of 3 or709
more experimental replicates. NS, Not significant. (B, C, E and G) Unpaired two tailed710
Student’s t-test was used. (D, F, I, K and L) One-way ANOVA with Bonferroni's711
post hoc test was used. *p < 0.05 and ** p < 0.01.712

713
Figure 6. TFII-I is a transcriptional activator of MEX-3B. (A) siNC or siCBX4 was714
transfected into HBE followed by treatment with 5 μg/mL actinomycin D for the indicated715
amount of time. MEX-3B mRNA expression was measured by RT-PCR. (B) HBE were716
treated with the indicated concentrations of UNC3866 200 nM for 24hr. The MEX-3B717
protein level was determined by immunoblot analysis. (C) Potential transcription factors718
were scanned by the ALGGEN database. Prediction of an interaction between CBX4 and719
these factors were conducted by GeneMANIA. (D) HBE lysates were subjected to IP with720
anti-CBX4 antibody or anti-IgG antibody followed by immunoblot analysis with anti-CBX4721
and TFII-I antibody. (E) HBE lysates were subjected to IP with anti-TFII-I antibody or722
anti-IgG antibody followed by immunoblot analysis with anti-TFII-I and CBX4 antibody. (F)723
Co-localization of CBX4 and TFII-I was analyzed by immunostaining of HBE with724
anti-CBX4 and TFII-I via confocal microscopy. (G) Immunoblots for the indicated proteins725
in HBE transfected with siNC or siCBX4. (H) RT-PCR for the indicated mRNA expression726
levels in HBE transfected with siNC or siCBX4. (I) Localization of TFII-I-binding sites in727
MEX-3B promoter. (J) HBE were treated with HDM 400 U 24 hr followed by ChIP with728
anti-TFII-I antibody or nonrelated IgG. Precipitated DNAs were quantified by RT-PCR729
using five MEX-3B promoter-specific primers covering five TFII-I-binding sites. (K) Human730
293T cells transfected with pcDNA3.1(+)-TFII-I together with firefly luciferase reporter and731
pRL-tk-renilla plasmids for 24 hr. Data are presented as mean ± SEM. Images show732
representative results for one of 3 or more experimental replicates. NS, Not significant. (A)733
Two-way ANOVA was used. (B, G, H and K) Unpaired two tailed Student’s t-test734
was used. (J) One-way ANOVA with Bonferroni's post hoc test was used. *p <735
0.05 and ** p < 0.01.736

737
Figure 7. CBX4 regulates TFII-I transcriptional activity through SUMOylation. (A)738
HBE were transfected with shNC or shCBX4 followed by ChIP with anti-TFII-I antibody or739
IgG. Precipitated DNAs were quantified by RT-PCR using MEX-3B promoter-specific740
primers covering TFII-I-binding sites. (B) Human 293T cells transfected with741
pcDNA3.1(+)-TFII-I and siCBX4, together with firefly luciferase reporter and pRL-tk-renilla742
plasmids for 24 hr. (C) Immunoblot analysis of TFII-I protein levels in HBE treated with743
HDM, siNC, or siCBX4. (D) Lung sections were stained with TFII-I antibody by744



immunocytochemistry. (E) Enhanced TFII-I SUMOylation in HDM-treated HBE.745
HDM-treated HBE was subjected to IP with anti-TFII-I followed by immunoblot analysis746
with anti-SUMO 1 and SUMO 2/3 antibody. (F) Decreased TFII-I SUMOylation in HBE747
after CBX4 knockdown. HBE was subjected to IP with anti-TFII-I followed by immunoblot748
analysis with anti-SUMO 1 antibody after CBX4 knockdown. (G) Colocalization of SUMO1749
and TFII-I in HDM-treated HBE was determined by immunofluorescence staining of750
SUMO1 and TFII-I. (H) Co-localization of SUMO1 and TFII-I in HBE transfected with751
siCBX4 was determined by immunofluorescence staining of SUMO1 and TFII-I. (I) ChIP752
assay with anti-TFII-I antibody in HBE transfected with the indicated plasmids for 48 hr.753
Precipitated DNAs were quantified by RT-PCR for promoter regions of MEX-3B gene. (J)754
Western blots and fold-change of relative luciferase activity against lane 1 in human 293T755
cells transfected with pcDNA(+)-TFII-I and WT or CBX4 mutants, firefly luciferase reporter,756
and pRL-tk-renilla plasmids for 24 hr. Data are presented as mean ± SEM. Images show757
representative results for one of 3 or more experimental replicates. NS, Not significant. (A)758
Unpaired two tailed Student’s t-test was used. (B, C, D, I and ) One-way ANOVA759
with Bonferroni's post hoc test was used. *p < 0.05 and ** p < 0.01.760

761
Figure762

763
764



765
766
767

768



769
770



771

772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789



790



791
792
793
794
795
796
797
798
799
800
801
802
803
804
805


	As mentioned above, the effect of CBX4 on lfTSLP e

