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Abstract 44 

Oncogenic imbalance of DNA methylation is well-recognized in cancer development. 45 

Ten-eleven translocation (TET) family of dioxygenases, which facilitate DNA 46 

demethylation, are frequently dysregulated in cancers. How such dysregulation 47 

contributes to tumorigenesis remains poorly understood, especially in solid tumors 48 

which present infrequent mutational incidence of TET genes. Here we identify loss-49 

of-function mutations of TET in 7.4% of human lung adenocarcinoma (LUAD), which 50 

frequently co-occur with oncogenic KRAS mutations, and this co-occurrence is 51 

predictive of poor survival in LUAD patients. Using autochthonous mouse model of 52 

KrasG12D-driven LUAD, we show that individual or combinational loss of Tet genes 53 

markedly promotes tumor development. In this Kras-mutant and Tet-deficient model, 54 

pre-malignant lung epithelium undergoes neoplastic reprogramming of DNA 55 

methylation and transcription, with a particular impact on Wnt signaling. Among the 56 

Wnt-associated components that undergo reprogramming, multiple canonical Wnt 57 

antagonizing genes present impaired expression arising from elevated DNA 58 

methylation, triggering aberrant activation of Wnt signaling. These impairments can 59 

be largely reversed upon the restoration of TET activity. Correspondingly, genetic 60 

depletion of β-catenin, the transcriptional effector of Wnt signaling, substantially 61 

reverts the malignant progression of Tet-deficient LUAD. These findings reveal TET 62 

enzymes as critical epigenetic barriers against lung tumorigenesis and highlight the 63 

therapeutic vulnerability of TET-mutant lung cancer through targeting Wnt signaling. 64 
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Significance 65 

Previous studies have identified the tumor-suppressive function of TET enzymes in 66 

hematological cancers. Given the differential mutational incidence and lacking 67 

functional validation, how TET contributes to carcinogenesis in solid tumors remains 68 

largely undefined. Here we report that TET mutations co-occur with KRAS mutations, 69 

and such co-occurrence predicts poor survival in human LUAD. Using genetically 70 

engineered mouse models (GEMMs), we show that inactivation of TET cooperates 71 

with oncogenic KRAS to potentiate LUAD development, and this effect is 72 

preferentially induced by augmented Wnt signaling, as a consequence of impaired 73 

expression of Wnt-associated antagonists due to DNA hypermethylation. Our work 74 

reveals the tissue-specific and context-dependent roles of TET during carcinogenesis 75 

and implicates Wnt signaling as a therapeutic modality for TET-mutant lung tumors. 76 
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Introduction 77 

Lung cancer is a lethal disease that accounts as a leading cause of cancer-related 78 

mortality worldwide, with an estimated 1.6 million deaths yearly (1). Lung 79 

adenocarcinoma (LUAD) represents the most common histological subtype of non-80 

small-cell lung cancer (NSCLC) (2). The most commonly mutated genes harbored in 81 

LUAD include proto-oncogenes KRAS and EGFR, and tumor suppressor genes TP53, 82 

KEAP1 and STK11 (3-5). Identification of targetable driver gene alterations during 83 

cancer evolution has revolutionized the management of oncogene-addicted cancers 84 

with tumor-specific genotyping (6-9). Introduction of immunotherapy has also 85 

signaled a new direction for the treatment of advanced stage lung cancer (10, 11). 86 

However, clinical benefits from these therapies remain poor and notable 87 

improvements are typically short-lived (12). Therefore, there is an unmet need for 88 

better mechanistic understanding of lung tumorigenesis, which could be leveraged for 89 

development of more effective and durable therapeutic modalities to improve clinical 90 

management. 91 

Aside from extensive studies of the genetic landscape underlying tumor 92 

pathogenesis, tumor cells are also known to be epigenetically altered (13-15). 93 

Epigenetic dysregulations often emerge from disruption of DNA and histone 94 

modifying enzymes (16, 17). Oncogenic alterations in DNA methylation are well 95 

documented (18), which include global hypomethylation of the genome and localized 96 

hypermethylation at specific gene promoters (19). DNA hypermethylation on 97 

promoter CpG islands of tumor suppressor genes frequently silences their expression 98 

and thus contributes to oncogenesis. Counter to DNA methylation, the process of 99 

demethylation remained elusive until proteins of TET family (TET1, TET2 and 100 

TET3) were identified as 5-methylcytosine dioxygenases (20). TET proteins 101 

successively oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-102 

formylcytosine (5fC), and 5-carboxylcytosine (5caC) (21, 22). Subsequently, 5fC and 103 

5caC, the higher oxidation products, can be excised by DNA glycosylase TDG and 104 

then replaced with an unmodified cytosine via base excision repair (BER) (22), 105 

thereby achieving active demethylation (23, 24). TET family genes, especially TET2, 106 
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are found to be frequently mutated in a variety of hematological malignancies (25-107 

28). In the hematopoietic setting, loss-of-function TET genes drive malignant 108 

transformation (29-33). In comparison, due to a lack of relevant disease models (34-109 

36), whether TET deficiency has a similar effect in solid cancers has not been fully 110 

investigated. Given that tumors are genetically heterogeneous and often bear varying 111 

types of somatic alterations, it remains to be determined if and how mutating TET 112 

genes would confer a selective advantage in the onset and progression of solid tumors. 113 

In this study, we identified mutations of TET genes in 7.4% of human LUAD, 114 

which frequently coincide with oncogenic KRAS mutations. By using KrasG12D-driven 115 

autochthonous genetically engineered mouse models (GEMMs), we interrogated the 116 

pathological role of TET dioxygenases in lung cancer development. Our results 117 

showed that inactivation of TET cooperated with KrasG12D to accelerate mouse LUAD 118 

development, and this could be largely alleviated by the re-introduction of TET 119 

catalytic activity. We further found that TET loss led to augmented Wnt signaling 120 

through downregulating gene expression of Wnt-related antagonists (such as Lrp4 and 121 

Ctnnbip1) via DNA hypermethylation and genetic inhibition of Wnt pathway potently 122 

alleviated Tet-deficient LUAD progression. These findings clearly elucidate the 123 

tumor-suppressive function of TET enzymes in Kras-driven LUAD development and 124 

implicate Wnt signaling as a potential therapeutic target for patients with TET-125 

deficient lung cancer. 126 
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Results 127 

Loss-of-function TET mutations co-occur with KRAS mutations in human LUAD 128 

To address the involvement of TET in lung cancer, we first examined the genomic 129 

alterations of TET genes in human LUAD using The Cancer Genome Atlas (TCGA) 130 

datasets together with other datasets (37-40). Of all types of genomic alterations, 131 

mutations of TET genes were predominant (Fig. S1A), with a frequency of 7.4% in all 132 

LUAD patients, among which TET1, TET2 and TET3 mutations account for 4%, 1.6% 133 

and 1.8% respectively (Fig. S1B). The vast majority of these mutations were missense 134 

mutations, and the remaining approximately 17.3% were truncating mutations (Fig. 135 

S1C and D). These numbers are similar to previous reports of TET mutations in other 136 

solid cancers such as clear-cell renal cell carcinoma (41), colon (42) and prostate 137 

cancers (43). As one of the most common oncogenic drivers, KRAS is mutated in up 138 

to 30% of LUAD in TCGA datasets (3, 4) (Fig. S1B). Interestingly, we identified a 139 

significant co-occurrence between TET and KRAS mutations (Fig. S1E). About 32% 140 

TET- mutated LUAD carried KRAS mutations and about 7% of KRAS- mutated 141 

LUAD harbored mutations in TET family members (Fig. S1E). Moreover, compared 142 

to either KRAS or TET mutations alone, their concurrence, particularly the 143 

combination of KRAS with TET2 or TET3, was clearly associated with reduced 144 

survival of LUAD patients. (Fig. S1F). In contrast, mutations in EGFR, another well-145 

known oncogenic driver, were mutually exclusive with TET mutations (Fig. S2A and 146 

B), and there was no evident correlation of survival in LUAD patients with either 147 

EGFR or TET mutations alone or both (Fig. S2C). 148 

We further characterized the impacts of TET mutations on gene expression and 149 

catalytic activity. In the TCGA LUAD datasets, we found that TET mutations were 150 

accompanied with lower expression of TET mRNA, regardless of KRAS status (Fig. 151 

S3A and B). Consistently, we observed a higher level of DNA methylation in TET-152 

mutant human LUAD (Fig. S3C). Next, we focused on missense mutations to test 153 

catalytic activity because of their relatively high frequency in human LUAD (Fig. 154 

S1D). Among the six LUAD-derived TET2 mutations examined, five mutations 155 

showed decreased dioxygenase activity in an assay using ectopic expression of the 156 
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mutants in HEK293T cells (Fig. S3D and E). 157 

In addition, we observed decreased TET expression in TCGA LUAD samples 158 

compared with healthy tissues, particularly TET2 and TET3 (Fig. S3F). Lower 159 

expression of TET mRNA was also associated with poorly differentiated status in TET 160 

wild-type human LUAD (Fig. S3G). Correspondingly, low TET expression was 161 

associated with worse patient survival (Fig. S3H and I). Collectively, these 162 

observations suggest a putative tumor-suppressive role of TET genes in human 163 

LUAD, particularly in LUAD harboring KRAS mutations. 164 

 165 

Tet triple knockout synergizes with KrasG12D to accelerate LUAD 166 

To evaluate the functional importance of TET in LUAD development, Tet 167 

conditional knockout mice (Tet1flox/flox; Tet2flox/flox; Tet3flox/flox) (44) and Kras-driven 168 

autochthonous GEMM (45) were used to obtain the three cohorts: KrasLSL-G12D/+ 169 

(hereafter K), KrasLSL-G12D/+; Tet1flox/+; Tet2flox/+; Tet3flox/+ (hereafter KT Het) and 170 

KrasLSL-G12D/+; Tet1flox/flox; Tet2flox/flox; Tet3flox/flox (hereafter KT) (Fig. S4A and B). In 171 

these models, intranasal infection of K, KT Het and KT mice with a Cre-expressing 172 

adenovirus under the control of CMV promoter (Ad-CMV-Cre) allows the 173 

simultaneous induction of the deletion of Tet genes and the expression of oncogenic 174 

KrasG12D in lung epithelial cells to initiate lung tumorigenesis (46) (Fig. S4C). 175 

Strikingly, inactivation of all three Tet genes strongly potentiated KrasG12D-driven 176 

LUAD development. Compared to K controls, KT mice exhibited substantially 177 

accelerated tumor growth with enhanced tumor burden (Fig. 1A and B), and increased 178 

tumor lesions with a higher percentage progressing to advanced adenocarcinoma at 12 179 

weeks post adenoviral infection (Fig. 1C and D and Fig. S5A). The markedly 180 

shortened survival of KT mice underscored the lethal effect of Tet deficiency (Fig. 181 

1E). Notably, elevated tumorigenic potential was also observed in KT Het mice (Fig. 182 

1A-E), suggesting that haploinsufficiency of Tet genes could also promote the 183 

formation of Kras-driven LUAD. During tumor progression from 8 to 12 weeks post 184 

infection, a higher rate of cell proliferation in KT tumors was observed by Ki-67 185 

immunohistochemistry (Fig. S5B and C), accounting for rapidly elevated tumor 186 
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burden (Fig. S5D and E). However, in the absence of oncogenic KrasG12D, even if 187 

inactivating all three Tet genes, the morphology and lineage of lung epithelium appear 188 

normal even at 54 weeks post adenoviral infection (Fig. S5F and G), implying that Tet 189 

deficiency alone is insufficient to drive the formation of neoplastic lesions. 190 

To characterize the differentiation state of Tet-deficient lung tumors, we stained 191 

serial sections for lung epithelial lineage-specific markers, including lung 192 

transcription factor NKX2-1 (NK2 homeobox 1), alveolar type 2 (AT2) cell marker 193 

SPC (surfactant protein C) and club cell marker SCGB1A1 (secretoglobin family 1A 194 

member 1). Similar to K tumors, KT tumors were frequently positive for NKX2-1 and 195 

SPC, and negative for SCGB1A1 (Fig. 1F), reflecting an AT2 origin of LUAD (47-196 

50). However, a large number of KT tumors had areas with low or completely absent 197 

expression of NKX2-1 and SPC (Fig. 1F), suggesting that Tet loss may result in more 198 

malignant lesions associated with poorly differentiated state. Together, these results 199 

establish Tet genes as critical tumor suppressors in Kras-driven mouse LUAD 200 

development. 201 

 202 

Tet2 and Tet3 act as key suppressors against LUAD development 203 

To elucidate the contribution of individual Tet genes to the control of LUAD 204 

development, we generated additional GEMMs of Tet single knockout including 205 

KrasLSL-G12D/+; Tet1flox/flox, KrasLSL-G12D/+; Tet2flox/flox, KrasLSL-G12D/+; Tet3flox/flox 206 

(hereafter KT1, KT2 and KT3, respectively) (Fig. S4A and B). In contrast to K 207 

controls, KT1, KT2 or KT3 mice all showed greatly enhanced tumor burden (Fig. 2A 208 

and B), more lesions progressing to higher tumor grades at 12 weeks post adenoviral 209 

infection (Fig. 2C and D), and impaired survival with varying degrees (Fig. 2E). 210 

Among the single mutants, KT2 mice were the most severe in tumor formation (Fig. 211 

2A-D). Given that Tet2 and Tet3 transcripts were more abundant than Tet1 in normal 212 

lung tissues (Fig. S6A) and in K tumors compared to those in matched tumor-free 213 

tissues (Fig. S6B), we then generated double knockout GEMM KT23 (KrasLSL-G12D/+; 214 

Tet2flox/flox; Tet3flox/flox) (Fig. S4A and B) to test if Tet2 and Tet3 can function together to 215 

suppress LUAD development. As expected, double knockout of Tet2 and Tet3 led to 216 
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stronger tumorigenic phenotypes than any of the single mutants, almost comparable to 217 

the complete knockout of all three Tet genes (Fig. 2A-E). Moreover, highly malignant 218 

lesions triggered by single or double knockout of Tet genes exhibited lower 219 

expression of NKX2-1 and SPC (Fig. S6C-F), indicative of their poorly-differentiated 220 

state. Together, these data provide evidence for the tumor-suppressive role of 221 

individual Tet genes, especially Tet2 and Tet3, in antagonizing LUAD development. 222 

 223 

TET catalytic activity is required for antagonizing LUAD development 224 

To determine whether the activity of 5mC oxidation is directly involved in the 225 

control of lung tumorigenesis, we first attempted to obtain mouse primary LUAD 226 

cells using Cre-mediated Rosa26LSL-tdTomato/+ reporter mice (51), which were crossed 227 

into K or KT mice to enable direct isolation of tdTomato+ cancer cells by 228 

fluorescence-activated cell sorting (FACS) (Fig. S7A). As mutant Kras alone is 229 

weakly oncogenic and K tumor cells are difficult to culture in vitro (52), KT but not K 230 

cell lines were successfully established (Fig. S7B and C). We then validated tumor 231 

formation capacity of the established KT cell lines by subcutaneous allograft assay 232 

(Fig. S7D). Next, we ectopically expressed a Tet2 construct containing the core 233 

catalytic domain (hereafter Tet2CD) or the catalytically inactive counterpart with 234 

disrupted iron-binding site (H1295R1296D1297 mutated to Y1295R1296A1297) (hereafter 235 

Tet2HD) in KT cells (Fig. S7E-G). As a result, expression of Tet2CD, but not 236 

Tet2HD, resulted in 5hmC regeneration, concomitant with 5mC reduction in KT cells 237 

(Fig. S7H and I). Expression of the catalytically-active Tet2CD in KT cells also 238 

attenuated cell proliferation and subcutaneous allografts formation (Fig. S7J and K). 239 

Similarly, re-introducing the full-length wild-type Tet2, but not the catalytically-240 

inactive mutant, decreased cell proliferation (Fig. S7L-O). These data suggest a 241 

dependence of the TET enzymatic activity for its anti-LUAD function. 242 

To validate the requirement of dioxygenase activity for the control of LUAD 243 

development in vivo, we generated lentiviruses expressing both Cre recombinase and 244 

Tet2CD or Tet2HD for administration into KT mice (Fig. 3A). To test the lentiviral 245 

constructs in vitro, we employed an engineered 3T3 reporter cell line, which 246 
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expresses GFP following the exposure to Cre (Fig. S8A). The lentiviruses that we 247 

generated were functionally validated by qRT-PCR, western blot and dot blot (Fig. 248 

S8B-F), and then delivered through intranasal administration into KT mice (Fig. 3A). 249 

Consistent with our findings in vitro, the expression of Tet2CD, but not catalytically 250 

inactive Tet2HD, reversed multiple tumorigenic phenotypes caused by Tet deficiency, 251 

leading to diminished tumor burden (Fig. 3B and C), decreased tumor numbers and 252 

impeded tumor progression to high-grade lesions (Fig. 3D and E). As expected, 253 

stronger 5hmC signal appeared in KT tumors treated with Cre-Tet2CD lentivirus (Fig. 254 

3F). Thus, these results demonstrate that dioxygenase activity is required for 255 

suppressing lung adenocarcinoma development. 256 

 257 

TET loss causes Wnt-associated transcriptional and methylation alterations in 258 

pre-malignancy 259 

We next sought to understand how deficiency in TET activity contributes to lung 260 

tumorigenesis. To identify the molecular alterations induced by Tet loss in early-stage 261 

neoplasia in vivo, genetic lineage-labeling K and KT GEMMs with Rosa26LSL-tdTomato/+ 262 

reporter allele were used for the isolation of pre-malignant lung epithelial cells (Fig. 263 

4A). Through a live tdTomato+/EPCAM+/CD45−/CD31− gating strategy (Fig. S9A), 264 

tdTomato+ lung epithelial cells (hereafter referred to as pre-malignant cells) were 265 

sorted individually from K or KT mice at 3 weeks post Ad-CMV-Cre infection. At this 266 

early stage, the fraction of pre-malignant cell population from KT mice (0.28-0.93%) 267 

was comparable to that from K control mice (0.26-1.24%) (Fig. S9B and C). 268 

To profile transcriptional changes which occurred early on after the induced 269 

oncogenic transformation, we performed RNA sequencing (RNA-seq) on ~500 270 

isolated pre-malignant cells. The gene expression of lung epithelial markers was 271 

examined to verify the epithelial source of the isolated cells, and the expression levels 272 

of these marker genes were similar between K and KT cells (Fig. S9D). Intriguingly, 273 

after 3 weeks post adenoviral infection, the transcriptome of KT pre-malignant cells 274 

was already distinct from that of K control cells in a principal component analysis 275 

(PCA) (Fig. 4B). Differentially expression analysis identified 705 genes that were 276 
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significantly altered, with 579 upregulated and 126 downregulated in KT pre-277 

malignant cells (Fig. 4C). Among the most differentially expressed genes (DEGs), 278 

gene ontology (GO) analysis identified an expression signature in KT pre-malignant 279 

cells featuring upregulated Wnt signaling pathway (Fig. 4D and E). Additionally, 280 

whole-genome bisulfite sequencing (WGBS) by post-bisulfite adaptor tagging 281 

(PBAT) was also performed to assess the alterations on DNA methylation in KT pre-282 

malignant cells. We found that the overall CpG methylation level increased slightly 283 

across the whole genome in KT pre-malignant cells compared to K control cells 284 

(60.95% vs. 58.56%) (Fig. S9E). Localized increase in CpG methylation was found 285 

across multiple types of genomic elements (Fig. S9E and F). Specifically, 6,578 286 

hypermethylated differentially methylated regions (DMRs) and 3,445 hypomethylated 287 

DMRs were defined in KT pre-malignant cells (Fig. 4F), reflecting overall gain of 288 

methylation. Further genomic annotation revealed that the hypermethylated DMRs in 289 

KT pre-malignant cells were mostly enriched in gene bodies and followed by 290 

promoters and enhancers (Fig. 4G). Integration of transcriptional and methylation 291 

profiles identified the DEGs that exhibit hypermethylation at associated regulatory 292 

elements including the regions of gene body, promoter and enhancer in KT pre-293 

malignant cells. GO analysis of these hypermethylated DEGs revealed a significantly 294 

enriched fraction of Wnt-associated components (Fig. 4H and I). These data suggest 295 

that early transcriptional augmentation of Wnt-associated components due to 296 

abnormal methylation caused by TET deficiency may contribute to the accelerated 297 

formation of early neoplastic lesions. 298 

 299 

Reactivation of Wnt-associated antagonists relies on TET-mediated 300 

demethylation in KT cells 301 

To ascertain the link between altered expression of Wnt-associated genes and 302 

impaired DNA methylation, we performed RNA-seq on established KT cell lines 303 

constitutively expressing Tet2CD or Tet2HD. PCA analysis revealed that 304 

transcriptional profiles of Tet2CD-expressing cells were clearly distinguishable from 305 

those of Tet2HD-expressing cells and their parental cells (Fig. S10A). To identify 306 
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transcriptional programs impacted by TET enzymatic activity, we obtained DEGs 307 

significantly altered in Tet2CD-expressing cells, when compared to the parental cells 308 

or Tet2HD-expressing cells, respectively (Fig. S10B and C). Among these overlapped 309 

DEGs, 253 were upregulated and 373 were downregulated (Fig. S10D). GO analysis 310 

of the upregulated DEGs revealed a significant enrichment of genes associated with 311 

Wnt signaling, especially those antagonizing this pathway (e.g., Lrp4, Ctnnbip1, 312 

Dact1, Tmem88 and Notum) (Fig. 5A and Fig. S10E). Consistent with these results, 313 

expression of the Wnt antagonizing genes was also upregulated upon the re-314 

introduction of the full-length Tet2 (Fig. 5B). The gene sets of downregulated DEGs 315 

were most enriched for functions in cell proliferation and cell adhesion (Fig. S10F). 316 

We next used TET-assisted pyridine borane sequencing (TAPS) (53) to compare the 317 

genome-wide methylome upon the restoration of dioxygenase activity in KT cells. A 318 

robust decline of CpG methylation occurred across the various genomic elements in 319 

Tet2CD-expressing KT cells (21.18%), compared to that in the parental (41.46%) or 320 

Tet2HD-expressing (35.90%) cells (Fig. S11A). The majority of the identified DMRs 321 

were hypomethylated (Fig. S11B), and these hypomethylated DMRs were mainly 322 

located in promoter regions (34.20%) (Fig. S11C). Of note, among the 172 323 

upregulated DEGs with hypomethylated promoters in KT cells, genes of Wnt-324 

associated antagonists were significantly enriched (Fig. S11D and E), including Lrp4 325 

and Ctnnbip1 (Fig. 5C). Bisulfite Sanger sequencing confirmed the robustly decreased 326 

methylation levels in promoter regions of Lrp4 and Ctnnbip1 in Tet2CD-expressing 327 

KT cells (Fig. 5D and E). Furthermore, 5hmC, the first-step oxidative product of 328 

5mC, was detected in the same promoter regions of Lrp4 and Ctnnbip1 upon TET 329 

activity restoration (Fig. 5F and G). Thus, TET-mediated oxidation of 5mC may 330 

trigger the DNA demethylation in the promoter regions of key Wnt-associated 331 

antagonizing genes, thus leading to the transcriptional augmentation of these anti-Wnt 332 

genes. Notably, analysis of TCGA LUAD datasets revealed that hypermethylation of 333 

the WNT antagonizing genes (e.g., LRP4, CTNNBIP1, DACT1 and TMEM88) 334 

correlated with their downregulated expression in TET-mutant tumors when compared 335 

with TET wild-type tumors (Fig. 5H and I and Fig. S11F and G), particularly in the 336 

xgl
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setting of mutant KRAS, supporting the relevance of our findings to human lung 337 

cancer. Altogether, these results identify the Wnt-associated antagonists as targets of 338 

TET-mediated oxidation, and demonstrate how loss of dioxygenase activity can cause 339 

augmented Wnt signaling and enhanced tumorigenicity in KT LUAD cells. 340 

 341 

Genetic depletion of β-catenin impedes Tet-deficient LUAD progression 342 

To investigate the contribution of imbalanced Wnt signaling pathway to lung 343 

tumorigenesis triggered by Tet deficiency in vivo, we employed a lentiviral-based 344 

pSECC (U6-sgRNA-EFS-Cas9-2A-Cre) system (54, 55) to genetically inhibit Wnt 345 

signaling activation through CRISPR/Cas9-mediated disruption of the Ctnnb1 gene 346 

encoding β-catenin, which acts as an essential transcriptional effector in canonical 347 

Wnt signaling (56). For this purpose, we designed three sgRNAs targeting Ctnnb1 348 

(Fig. S12A), and validated high-editing efficiency of these sgRNAs in the engineered 349 

3T3 cells (Fig. S12B-E). K or KT mice were then administered via intranasal 350 

inhalation of the lentiviruses simultaneously expressing Cre and sgRNAs targeting 351 

either Ctnnb1 or GFP control (Fig. 6A). Consequently, β-catenin depletion in KT 352 

mice led to a substantial decrease in overall tumor burden (Fig. 6B and C). Of note, 353 

the extent of reversal of overall tumor burden in KT mice was much stronger than that 354 

in K mice (Fig. 6C). These data demonstrate that the enhanced tumorigenesis caused 355 

by Tet deficiency can be substantially reverted through the genetic inhibition of Wnt 356 

signaling. 357 
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Discussion 358 

Mutations in epigenetic modifiers, as a characteristic of cancer cells, are thought to 359 

endow cells with selective plasticity to override normal differentiation and 360 

programmed growth control. The clear concurrence between mutations of TET family 361 

genes and KRAS and the poor survival of LUAD patients harboring these concurrent 362 

mutations have prompted us to consider whether mouse models could be generated to 363 

recapitulate this clinical status and to study how TET dioxygenases control LUAD 364 

pathogenesis. 365 

By using autochthonous GEMMs, we find that ablation of TET enzymes greatly 366 

accelerates KrasG12D-driven LUAD development. We further demonstrate that the 367 

dioxygenase activity of TET enzymes is a prerequisite for anti-LUAD, suggesting an 368 

essential regulatory role of TET-mediated DNA oxidation in counterbalancing LUAD 369 

tumorigenicity. In early neoplastic lesions, TET loss induces a subtle increase in DNA 370 

methylation on a genome-wide scale and drives transcriptional reprogramming of pre-371 

malignant lung epithelium, especially those Wnt-associated components (Fig. 6D). In 372 

malignant KT cells, the re-introduction of catalytically-active TET contributes to 373 

oxidative DNA demethylation at promoters of Wnt antagonizing genes (such as Lrp4 374 

and Ctnnbip1) and their upregulated expression, indicating that the transcriptional 375 

reactivation of these antagonizing genes is dependent on TET catalytic activity (Fig. 376 

6D). Inhibition of Wnt signaling via genetic depletion of β-catenin gene substantially 377 

mitigates aggressive LUAD development arising from Tet deficiency. The 378 

underappreciated relationship between TET loss and Wnt signaling activation thus 379 

highlights a vulnerability that might be therapeutically exploited for TET-deficiency 380 

induced lung neoplasms. 381 

In previous mouse leukemia models (30, 31, 33), Tet2 mutations alone can 382 

potentiate fitness of hematopoietic stem/progenitor cells to achieve clonal dominance, 383 

but acquisition of additional co-occurring genetic aberrations (e.g., Flt3ITD, NrasG12D 384 

and RhoaG17V) is required to induce rapid leukemogenic transformation (57-59). Our 385 

study provides the first evidence for the mutational cooperativity between KrasG12D 386 

and Tet genes in the induction of mouse malignant LUAD, and the GEMMs generated 387 
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here could recapitulate the phenotypic effects observed in LUAD patients. Unlike the 388 

phenotypic output in leukemiagenesis, in the absence of oncogenic mutant Kras, 389 

genetic deletion of Tet genes appears insufficient to drive lung tumor formation (Fig. 390 

S5F and G). This observation supports the notion that a combination with a critical 391 

oncogenic event is needed to facilitate neoplastic transformation for Tet-deficient lung 392 

epithelium. Furthermore, our data suggest that in the presence of oncogenic mutant 393 

Kras, Tet double and triple knockout mice develop more dramatic tumorigenic 394 

phenotypes than those single knockout mice (Fig. 2). Such dosage dependence among 395 

Tet family genes suggests that TET enzymes function collectively to prevent 396 

predisposing Kras-mutant cells from aggressive malignant transformation. 397 

We have also shown that augmented Wnt signaling acts as a key factor to link TET 398 

loss to enhanced LUAD development (Fig. 6D). In established KT cell lines, 399 

antagonizing genes of Wnt signaling components, like Lrp4 and Ctnnbip1, tend to 400 

acquire DNA hypermethylation on their promoters and thus reducing their expression. 401 

As a consequence, Wnt signaling is augmented, driving the malignant progression of 402 

LUAD. Consistent with our data, oncogenic Kras mutations alone are insufficient to 403 

endow lung epithelial cells with aggressive tumorigenic properties for rapid LUAD 404 

development, but augmented Wnt signaling can cooperate to accelerate lung 405 

tumorigenesis (60-64). Therapeutically, our findings provide a rationale for targeting 406 

Wnt signaling pathway as a therapeutic option in lung cancers harboring TET 407 

mutations, and point to epigenetic interventions to correct aberrant methylation as one 408 

modality for lung cancer treatment. 409 

In summary, the Tet genes function as a critical tumor-suppressive role in 410 

autochthonous mouse models of LUAD. TET loss-of-function induces augmented 411 

Wnt signaling via transcriptional downregulation of Wnt-associated antagonists due 412 

to DNA hypermethylation, thus contributing to aggressive LUAD development (Fig. 413 

6D). Further studies will be necessary to explore targeting the Wnt signaling pathway 414 

to treat TET-deficient LUAD. 415 
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Materials and Methods 416 

Mice 417 

All animal experiments were performed under strict compliance with the Institutional 418 

Animal Care and Use Committee (IACUC) of Shanghai Institute of Biochemistry and 419 

Cell Biology (SIBCB), Chinese Academy of Sciences. 420 

KrasLSL-G12D/+ mice (45) (JAX stock #008179), Rosa26LSL-tdTomato/+ mice (51) (JAX 421 

stock #007909), Tet1flox/flox mice (65), Tet2flox/flox mice (44, 66), Tet3flox/flox mice (67) 422 

and Tet1flox/flox; Tet2flox/flox; Tet3flox/flox mice (44) have been described previously. Tet 423 

conditional knockout mice were crossed with KrasLSL-G12D/+ or Rosa26LSL-tdTomato/+ 424 

mice to generate the mouse cohorts with desired genotypes used in this study. All 425 

mice were maintained on a mixed C57BL/6-129/Sv genetic background. Mice were 426 

housed in the specific pathogen-free (SPF) animal facilities, kept at room temperature 427 

with a 12-h light/dark cycle in accordance with the guidelines and ethical regulations 428 

of IACUC, and fed with regular chow and water by the facility staff. 429 

 430 

Histology and immunohistochemistry 431 

The fixed tumor-bearing lung lobes were dehydrated in a graded ethanol series, 432 

embedded in paraffin and cut into 5-μm sections. Adjacent sections were 433 

deparaffinized in xylene, rehydrated through an ethanol series into distilled water, and 434 

stained with hematoxylin and eosin (H&E) according to standard protocols. 435 

For immunohistochemistry, paraffin-embedded sections were deparaffinized in 436 

xylene, rehydrated in 100%, 95%, 80%, 70% ethanol series into distilled water, 437 

subjected to antigen retrieval in a 10 mM sodium citrate buffer (pH 6.0) in a 438 

microwave for 15 min, then incubated in 3% hydrogen peroxide for 15 min and 439 

washed three times in 0.2% PBST (0.2% Triton X-100 in PBS) at room temperature. 440 

The dried sections were blocked and permeabilized with 5-10% goat serum in PBST 441 

for at least 1 h. Sections were incubated with primary antibodies in appropriate 442 

antibody diluent at 4 °C overnight and washed three times in PBST, then incubated 443 

with biotin-conjugated secondary antibodies (anti-rabbit or anti-mouse IgG) by using 444 

Streptavidin HRP-Biotin DAB Detection Kit (Zsbio, SP-9000, SP-9001) as per the 445 
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manufacturer’s instructions followed by hematoxylin counterstaining. Primary 446 

antibodies to the following were used: Ki-67 (Cell Signaling, #12202, 1:200), SPC 447 

(Millipore, #ABC99, 1:200), NKX2-1 (Abcam, ab133638, 1:250) and SCGB1A1 448 

(Seven Hills, WRAB-3950, 1:10,000). 449 

For 5mC and 5hmC immunostaining, before incubated with block solution, sections 450 

were treated with 4N HCl solution (diluted in distilled water) for 15 min, and then 451 

neutralized with 100 mM Tris–HCl (pH 8.5) for 10 min, rinsed in PBST, followed by 452 

incubation with primary anti-5hmC (Eurogentec, BI-MECY-0100, 1:1,000) and anti-453 

5hmC (Active Motif, #39792, 1:2,000) antibodies at 4 °C overnight. 454 

Histological slides were scanned with a Zeiss Axio Zoom V16 stereoscope and 455 

photomicrographs were captured on an Olympus BX51 microscope. 456 

 457 

Tet2 lentiviral constructs 458 

The truncated wild-type mouse Tet2 cDNA containing the catalytic domain (from 459 

3124 bp to 5739 bp of the full-length mouse Tet2 coding sequences, NCBI 460 

NM_001040400.2) (Tet2CD) or the full-length wild-type mouse Tet2 cDNA (NCBI 461 

NM_001040400.2, 5739 bp) (Tet2FL) was obtained from pcDNA3-FLAG-Tet2CD or 462 

pCAG-Tet2FL, digested with EcoRI and NotI, purified with QIAquick Gel Extraction 463 

Kit (Qiagen), and then subcloned into pCDH-CMV-3×FLAG-EF1α-Cre and pCDH-464 

CMV-3×FLAG-EF1α-copGFP vectors (68). The catalytically inactive mutants with 465 

disrupted iron-binding site (amino-acid substitutions from H1295R1296D1297 to 466 

Y1295R1296A1297) (Tet2HD or Tet2FL-HD) were obtained from pcDNA3-FLAG-467 

Tet2HD or pCAG-Tet2FL-HD and constructed in the same vectors. All constructs 468 

were confirmed by Sanger sequencing. 469 

 470 

Lentiviral CRISPR-mediated gene perturbation 471 

The pSECC lentiviral vector (Addgene, # 60820) and cloning strategy were 472 

previously described (54). In brief, three sgRNAs targeting Ctnnb1 were designed 473 

using Optimized CRISPR Design and sgGFP was previously reported (69). sgRNA 474 

sequences to the following were used: sgCtnnb1.1 5’-475 
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CTGTGGTGGTGGCACCAGAA-3’; sgCtnnb1.2 5’-476 

AGCTCCTTCCCTGAGTGGCA-3’; sgCtnnb1.3 5’-477 

AGCTACTTGCTCTTGCGTGA-3’; sgGFP 5’-GGGCGAGGAGCTGTTCACCG-3’. 478 

For sgRNA cloning, pSECC vector was digested with BsmBI and ligated with BsmBI-479 

compatible annealed oligonucleotides of sgRNAs. pSECC lentiviruses were produced 480 

as described above.  481 

To evaluate sgRNA efficiency, 3T3 reporter cells were infected with pSECC 482 

lentiviruses expressing the respective sgRNAs, and then GFP+ cells were sorted by 483 

FACS to enrich for pSECC-containing cells at least 72 h after infection. The regions 484 

of Ctnnb1 targeted by the respective sgRNAs were PCR amplified from genomic 485 

DNA of GFP+ cells, then PCR products were cloned using pClone007 Versatile 486 

Simple Vector Kit (TSINGKE, 007VSm) and analyzed by massively parallel Sanger 487 

sequencing. Genotyping primers for sgRNA-targeting region of Ctnnb1 are as 488 

follows: Ctnnb1-F 5’-GCCAGACTGCCTTTGTTCTC-3’, Ctnnb1-R 5’- 489 

TGTGGCTGAGCTGTCACACA-3’. 490 

pSECC lentiviruses expressing the respective highly-efficient Ctnnb1 sgRNAs 491 

were pooled together at a ratio of 1:1:1, and then were delivered into mice via 492 

intranasal inhalation with appropriate TFUs per mouse. 493 

 494 

Isolation of primary lung and LUAD cells 495 

Mice with lesions or LUAD tumors were euthanized at 3 or 12-16 weeks after 496 

adenoviral infection. For early-stage analysis, all samples were harvested by 497 

dissociating entire lungs bearing hyperplasia. Following euthanasia, dissected lungs 498 

were iced, minced and incubated in 5 ml protease and DNase solution (Collagenase 499 

Type I (300 U/ml, Gibco, 17100017), DNase I (100 μg/ml, Roche, 10104159001) in 500 

DMEM (Gibco, 11965-118) or RPMI 1640 (Gibco, 11875-119) supplemented with 501 

10% heat-inactivated FBS (Gibco) and 5% penicillin/streptomycin (Gibco, 15140-502 

122)) at 37 °C for 45 min with frequent rotation (70, 71). Dissociated cells were then 503 

filtered through a 100-μm cell strainer (Falcon, 352350), and centrifuged at 300 g for 504 

5 min at room temperature. The supernatant was removed by aspiration and cells were 505 
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resuspended in red blood cell lysis buffer (3-5 ml, Beyotime, C3702) for 3 min. Cells 506 

were then washed with FACS buffer (2% FBS in DPBS, supplemented with 5% pen-507 

strep) and centrifuged at 300 g for 3 min at room temperature. The supernatant was 508 

removed, the pellet was resuspended in FACS buffer before being passed through a 509 

40-μm cell strainer (Falcon, 352340) and counted for use in FACS below. For large 510 

LUAD tumors at 12-16 weeks, they were micro-dissected from tumor-bearing lung 511 

tissues, and then processed similarly to the procedures for early-stage entire lungs. 512 

 513 

Fluorescence-activated cell sorting 514 

Cells were prepared as above at 1×106/100 μl, and then were stained for 20 min on ice 515 

with the following antibodies: anti-CD45 APC (BioLegend, #103112, 1:100), anti-516 

CD31 APC (BioLegend, #102510, 1:100), anti-CD326 (EPCAM) APC/Cy7 517 

(BioLegend, #118218, 1:100) and washed three times with FACS buffer. Three-min, 518 

300 g spins at room temperature were performed in between washes to pellet the cells. 519 

DAPI as a viability dye (BD Bioscience, #564907) was added to each sample to 520 

identify dead cells before FACS sorting. Single stain controls and fluorophore minus 521 

one (FMO) controls were included for each experiment. FACS sorting of stained 522 

primary cells was performed using a BD FACSAria SORP and analysis was done with 523 

FlowJo. To isolate pre-malignant cells, dissociated lung cells were stained and sorted 524 

for DAPI−/CD45−/CD31−/tdTomato+/EPCAM+ live cells (70-73). To isolate primary 525 

lung adenocarcinoma cells from KT tumors, total cancer cell fraction was gated as 526 

DAPI−/CD45−/CD31−/tdTomato+ live cells (61, 72, 73). 527 

 528 

RNA and DNA isolation 529 

Total RNA and DNA were simultaneously isolated with AllPrep DNA/RNA Micro Kit 530 

(Qiagen, 80284) or Mini Kit (Qiagen, 0204). Isolated RNA and DNA were subjected 531 

to RNA-seq and PBAT whole-genome bisulfite sequencing, respectively. 532 

 533 

RNA-seq library preparation 534 

For pre-malignant cells, lung tissues with hyperplasia were dissociated at 3 weeks 535 
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after adenoviral infection, and cells were stained and sorted as described above. 536 

Approximately 500 pre-malignant cells were lysed and the reverse-transcribed 537 

RNA was amplified to obtain enough cDNA by a modified SMART-Seq2 protocol 538 

(74). cDNA was quantified by Qubit 3 (Invitrogen), and then 1 ng cDNA was used for 539 

cDNA library construction with TruePrep DNA Library Prep Kit V2 for Illumina 540 

(Vazyme, TD503). 541 

  For KT LUAD cells, cDNA library construction was performed with about 1 μg of 542 

extracted RNA using VAHTS mRNA-seq V3 Library Prep Kit for Illumina (Vazyme, 543 

NR611) following the manual. 544 

 545 

RNA-seq data analysis 546 

First, the raw pair-end RNA-seq FASTQ data were trimmed to remove low-quality 547 

bases and adaptor sequences by Trim Galore (v0.5.0) with default settings. Then, the 548 

clean RNA-seq FASTQ data were mapped to mouse reference genome mm10 using 549 

Hisat2 (v2.1.0) with default parameters. Differentially expressed gene (DEG) analysis 550 

was performed by using DESeq2 package with the raw count. Only genes with 551 

adjusted P value less than 0.05 and at least 2-fold-change were considered to be 552 

differentially expressed. DEGs were submitted to DAVID 6.7 553 

(https://david.ncifcrf.gov) for gene ontology (GO) and KEGG pathway enrichment 554 

analyses. 555 

 556 

PBAT library preparation 557 

About 1 ng of isolated genomic DNA was used for PBAT library construction using a 558 

slightly modified protocol as previously reported (75). Briefly, genomic DNA spiked 559 

with 1% unmethylated lambda DNA (Thermo) was converted by bisulfite and purified 560 

with EZ DNA Methylation-Direct Kit (Zymo Research, D5021). Then, random 561 

nonamer primers with a 5’ biotin tag and a truncated Illumina P5 adaptor and 50 U 562 

Klenow polymerase (NEB) were used to amplify the bisulfite-converted templates 563 

linearly. The excess primers were removed using 40 U Exonuclease I (NEB) before 564 

amplified products were purified with 0.8×Agencourt AmpureXP beads (Beckman 565 
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Coulter). The newly synthesized DNA strands with biotin were captured with 566 

Dynabeads M280 Streptavidin (Invitrogen), and the original bisulfite-treated DNA 567 

templates were washed away by 0.1 N NaOH. The second strands were synthesized 568 

using 50 U Klenow polymerase with random nonamer primers containing a truncated 569 

P7 Illumina adaptor. The beads with double-strand DNA products were further 570 

collected and washed several times, and the libraries were generated with 5-6 cycles 571 

of PCR amplification using 1 U KAPA HiFi HS DNA Polymerase (KAPA 572 

Biosystems), together with 0.4 μM Illumina Forward PE1.0 primer and 0.4 μM pre-573 

indexed Illumina Reverse primer. Amplified libraries were purified with 574 

0.8×Agencourt Ampure XPbeads twice, and then assessed with Agilent 2100 and 575 

quantified with a standard curve-based qPCR assay. The final quality-ensured libraries 576 

were pooled and sequenced on the Illumina HiSeq X Ten sequencer for 150 bp paired-577 

end sequencing. 578 

 579 

PBAT data analysis 580 

By using Trim Galore (v0.5.0), raw pair-end FASTQ reads were trimmed to remove 581 

low quality bases and adaptor sequences. The remaining clean reads were mapped to 582 

mouse reference genome mm10 with single-end and non-directional mapping 583 

parameters by using BS-Seeker2 (v2.1.8) (76). Duplicated reads were removed using 584 

SAMtools (v1.4) for the subsequent analysis. Bisulfite conversion rate was estimated 585 

by the Lambda genome, which was built as the extra chromosome. Only samples with 586 

at least 98.5% bisulfite conversion rate were kept for DNA methylation analysis. 587 

CGmap Tools (v0.1.2) (77) was used for DNA methylation downstream analysis 588 

following BS-Seeker2. The single-C files of the replicates were merged together, and 589 

only the single CpG sites with at least 3×coverage were kept for further analysis. 590 

DMRs were filtered by the length (maximal distance between two adjacent cytosines 591 

is less than 100 bp, and DMR length is less than 1000 bp), CpG number (at least 5 592 

CpG sites) and methylation level difference between K and KT samples (at least 20% 593 

absolute methylation level difference). 594 

The annotated information of exon, intron, intergenic and CGI (CpG island) was 595 
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downloaded from UCSC Genome Browser (mm10), and all repetitive elements were 596 

annotated by using RepeatMasker (mm10). Center regions of H3K4me1 and 597 

H3K27ac ChIP-seq peaks in KrasG12D lung tumors was defined as typical active 598 

enhancers (78). Promoters were defined as the regions from − 0.5 to + 1.5 kb of TSS 599 

(Transcription Start Site).  600 

  For integrated analysis of RNA-seq and whole-genome DNA methylation data, we 601 

first annotated the genes containing hypermethylated DMRs in promoter, enhancer 602 

and intron regions. Then, DEGs were intersected with these genes containing 603 

hypermethylated DMRs to obtain commonly changed genes. The commonly changed 604 

genes were submitted to DAVID 6.7 for GO analysis. 605 

 606 

TAPS analysis 607 

Whole-genome TAPS libraries were constructed as previously described (53). In 608 

brief, 100 ng genomic DNA spiked with 1.0 % of fully CpG-methylated lambda DNA 609 

was sonicated in EB buffer and purified by DNA clean beads to select for the desired 610 

DNA fragment size. DNA fragments were oxidized by recombinant human TET2CD 611 

twice, and then reduced with pyridine borane. The library was amplified with KAPA 612 

HiFi HotStart Uracil+ ReadyMix PCR Kit. 613 

For data analysis, the raw data were trimmed by Trim Galore (v0.5.0) with default 614 

settings. Then, the clean data were mapped to mm10 using bwa (0.7.15). Duplicated 615 

reads were removed using Picard (2.21.2). Methylation levels were called using astair 616 

call (3.2.6). CGmap Tools (v0.1.2) was used for DNA methylation downstream 617 

analysis. Only samples with at least 95.5% TAPS conversion rate were kept for DNA 618 

methylation analysis. 619 

 620 

ACE Sanger sequencing 621 

ACE Sanger sequencing was performed following the published protocol as 622 

previously described (79). In brief, 50 ng genomic DNA spiked with 5% of fully 623 

CpG-methylated lambda DNA and hydroxymethylated T4 genomic DNA (T4-hmC) 624 

was glucosylated using UDPglucose and T4 β-glucosyltransferase (βGT) at 37 °C for 625 
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1 h. 1 μl of DMSO was added and the sample was denatured at 95 °C for 5 min and 626 

snap cooled by transfer to a PCR tube rack pre-incubated at − 80 °C. Before thawing, 627 

reaction buffer was overlaid to a final concentration of 20 mM MES pH 6.0 + 0.1% 628 

Tween, and recombinant human APOBEC3A was added to a final concentration of 5 629 

μM in a total volume of 10 μl. The deamination reactions were incubated under linear 630 

ramping temperature conditions from 4 to 50 °C over 2 h. Then, PCR primers were 631 

designed to amplify the target genomic regions and detect 5hmC levels with Sanger 632 

sequencing. 633 

 634 

Statistics and reproducibility 635 

Statistical analyses were performing using GraphPad Prism v.8.4.2 (GraphPad 636 

Software). All data are represented as mean ± s.e.m. (standard error of the mean) of 637 

individual data points from at least two independent biological replicates. Two-tailed 638 

unpaired Student’s t-test, Chi-square test, log-rank (Mantel-Cox) test and one-sided 639 

Fisher’s exact test were used to determine statistical significance. In all types of 640 

statistical analysis, values of P ≤ 0.05 were considered significant. N values and 641 

statistical method used in each experiment are indicated in the figure legends or in the 642 

figures themselves. No statistical method was used to predetermine sample size. No 643 

method of randomization was used. The investigators were not blinded to allocation 644 

during experiments or outcome assessment. 645 

 646 

Data availability 647 

All sequencing data including RNA-seq, WGBS and TAPS data reported in this study 648 

have been deposited in the Gene Expression Omnibus (GEO) database under the 649 

accession number GSE185615. All other relevant data that support the findings of this 650 

study are included in the article and/or SI Appendix. 651 
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 850 
Fig. 1. Inactivation of Tet family genes potentiates the development of Kras-851 

driven LUAD in mice. (A) Representative hematoxylin and eosin (H&E)-stained 852 

lung sections. Lung tissues were collected from K, KT Het and KT mice at 12 weeks 853 

after Ad-CMV-Cre intranasal inhalation. Scale bars, 2 mm (top), 200 μm (bottom) and 854 

insets are magnified 4×. (B-D) Corresponding quantification of tumor burden (total 855 

tumor area/total lung area) (B), tumor number (C) and tumor grade (D) in mice of 856 

indicated genotypes. Each circle represents an individual mouse. n = 8 mice for each 857 

genotype. G1, Grade 1 atypical adenomatous hyperplasia (AAH); G2, Grade 2 858 

adenoma; G3, Grade 3 adenocarcinoma (ADC). In (C), for K n = 380 lesions; KT Het, 859 

n = 833 lesions; KT, n = 1,459 lesions. (E) Kaplan-Meier survival analysis for mice of 860 

indicated genotypes. n = 20 mice for each group. Data are presented as mean ± s.e.m. 861 



32 
 

Statistical significance was assessed using two-tailed unpaired Student’s t-test with 862 

Welch’s correction (B, C) or Chi-square test (D) or log-rank (Mantel-Cox) test (E). 863 

**, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (F) Immunohistochemistry images for 864 

NKX2-1, SPC and SCGB1A1 staining in K tumors at 24 weeks after Ad-CMV-Cre 865 

infection and in KT tumors at 12 weeks after Ad-CMV-Cre infection. H&E staining is 866 

shown on the left. Scale bars, 200 μm and insets are magnified 10× (F). 867 
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 868 

Fig. 2. Tet genes suppress mouse LUAD development in a dosage-dependent 869 

manner. (A) Representative images of H&E-stained tumor-bearing lung sections 870 

from KT1, KT2, KT3 and KT23 mice at 12 weeks after Ad-CMV-Cre intranasal 871 

inhalation. Scale bars, 2 mm (top), 200 μm (bottom), and insets are magnified 4×. (B-872 

D) Corresponding quantification of tumor burden (B), tumor number (C) and tumor 873 

grade (D) in mice of indicated genotypes. Each circle represents an individual mouse. 874 

n = 8 mice for each genotype. KT1, n = 1,178 lesions; KT2, n = 1,444 lesions; KT3, n 875 

= 1,076 lesions; KT23, n = 1,449 lesions. (E) Kaplan-Meier survival curves for mice 876 

of indicated genotypes. n = 10 mice for each group. Data are presented as mean ± 877 

s.e.m. Statistical significance was calculated using two-tailed unpaired Student’s t-test 878 

with Welch’s correction (B, C) or Chi-square test (D) or log-rank (Mantel-Cox) test 879 

(E). **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 880 
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 881 

Fig. 3. Restoration of catalytically-active TET potently mitigates enhanced 882 

LUAD development in KT mice. (A) Schematic of lung tumorigenesis in KT mice 883 

administered with lentiviruses of Cre, Cre-Tet2CD (WT) or Cre-Tet2HD (mutant). 884 

The lentiviral constructs are shown. At 12 weeks after intranasal inhalation, lung 885 

tissues were collected for histopathological analysis. (B) Representative whole-mount 886 

views of tumor-bearing lung tissues and H&E-stained lung tumor sections from KT 887 

mice administered with indicated lentiviruses. (C-E) Corresponding quantification of 888 

tumor burden (C), tumor number (D) and tumor grade (E) in KT mice with indicated 889 

lentiviral treatments. For tumor burden measurement, n = 3 mice infected with Cre 890 

lentivirus, n = 5 mice infected with Cre-Tet2CD or Cre-Tet2HD lentivirus, 891 

respectively. For lesion number and tumor grade quantification, 370 lesions were 892 

counted from 2 mice infected with Cre lentivirus, 178 lesions from 4 mice infected 893 

with Cre-Tet2CD lentivirus and 692 lesions from 4 mice infected with Cre-Tet2HD 894 

lentivirus. Data are presented as mean ± s.e.m. Statistical significance was assessed 895 
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using two-tailed unpaired Student’s t-test (C, D) or Chi-square test (E). *, P ≤ 0.05; 896 

**, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (F) H&E and immunohistochemistry 897 

(IHC) images for 5hmC and 5mC staining in KT tumors with indicated lentiviruses. 898 

Dashed rectangles in H&E pictures mark corresponding magnified regions in adjacent 899 

slides shown in 5hmC and 5mC IHC staining. Scale bars, 5 mm (top), 2 mm (bottom) 900 

(B); 100 μm (top), 50 μm (middle, bottom) (F). 901 
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 902 
Fig. 4. TET loss induces the dysregulation of Wnt-associated transcription and 903 

methylation in pre-malignant lung epithelium. (A) Genetic lineage-labeling 904 

strategy to capture pre-malignant cells using Rosa26 floxed-STOP-tdTomato reporter. 905 

Rosa26LSL-tdTomato/+ (hereafter R), K and KT mice were crossed to generate the 906 

following cohorts: KrasLSL-G12D/+; Rosa26LSL-tdTomato/+ (KR) and KrasLSL-G12D/+; Tet1 907 
flox/flox; Tet2flox/flox; Tet3 flox/flox; Rosa26LSL-tdTomato/+ (KTR). Mice were intranasally 908 

administered with Ad-CMV-Cre. After 3 weeks, lungs were collected to sort 909 

DAPI−/tdTomato+/EPCAM+/CD45−/CD31− epithelial cells. (B) Principal component 910 

analysis of RNA-seq data from K and KT pre-malignant cells. Each dot represents an 911 

individual mouse. n = 3 for K mice; n = 4 for KT mice. (C) Scatter plot showing the 912 

DEGs in KT pre-malignant cells versus K cells. nCount represents the normalized 913 

counts (mean of the counts divided by size factors). The dashed lines indicate the 914 

four-fold change threshold for defining DEGs. Red and blue dots depict significantly 915 

changed genes (log2(fold change) ≥ 2 or ≤ −2 and adjusted P value ≤ 0.05) and grey 916 
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dots depict genes without significantly changes. (D) Gene ontology (GO) analysis of 917 

DEGs upregulated or downregulated in KT pre-malignant cells. The number of genes 918 

in each category is denoted. Wnt signaling pathway is indicated in red. DEGs here 919 

were those with log2(fold change) ≥ 2 or ≤ −2 and adjusted P value ≤ 0.01. (E) Heat 920 

map showing relative expression levels of Wnt-associated DEGs. DEGs here were 921 

those with log2(fold change) ≥ 1 or ≤ −1 and adjusted P value ≤ 0.05. (F) Global 922 

methylome comparison between K and KT pre-malignant cells using DMRs. DMRs 923 

were filtered by length (≤1000 bp) and CpG number (at least 5 CpG sites). DMRs 924 

with at least 20% absolute methylation level difference between K and KT samples 925 

were defined as hypermethylated or hypomethylated. Each dot represents the 926 

methylation level of an individual DMR. Red and blue triangles contain the identified 927 

hypermethylated and hypomethylated DMRs respectively. (G) Distribution of 928 

hypermethylated DMRs in KT pre-malignant cells among various genomic elements. 929 

(H and I) GO analysis of all DEGs harboring hypermethylated DMRs in promoter 930 

and enhancer (H) or gene body (I) regions in KT pre-malignant cells. The number of 931 

genes in each category is indicated. Wnt-related categories are denoted in red. 932 
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 933 
Fig. 5. TET-mediated demethylation induces transcriptional activation of Wnt 934 

antagonizing genes in KT cells. (A) Heat map showing relative expression levels of 935 

Wnt-associated DEGs in parental KT cells and KT cells complemented with Tet2CD 936 

(wild type) or Tet2HD (catalytically inactive mutant). DEGs were defined as log2(fold 937 

change) ≥ 1 or ≤ −1 and adjusted P value ≤ 0.05. (B) RT-qPCR analysis of the Wnt 938 

antagonizing genes in KT cells complemented with the full-length mouse Tet2 939 

(Tet2FL) or the catalytically-inactive mutant Tet2FL-HD. Data are presented as mean 940 

± s.e.m. Statistical significance was calculated using two-tailed unpaired Student’s t-941 

xgl
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test (B). **, P ≤ 0.01; ***, P ≤ 0.001. (C) Representative methylation (top) and RNA-942 

seq (bottom) tracks of the Wnt antagonizing genes Lrp4 (left) and Ctnnbip1 (right) in 943 

KT cells complemented with Tet2CD or Tet2HD. Vertical bars of methylation tracks 944 

indicate the methylation level at individual CpG dyads. The grey-shaded area 945 

indicates the hypomethylated DMRs in the promoter regions of Lrp4 and Ctnnbip1 946 

upon TET activity restoration. (D and E) Methylation analysis of the Lrp4 (D) or 947 

Ctnnbip1 (E) promoter region in KT cells complemented with Tet2CD or Tet2HD by 948 

bisulfite Sanger sequencing. The open and black circles represent the unmethylated 949 

and methylated CpG sites, respectively. (F and G) APOBEC-coupled epigenetic 950 

sequencing (ACE-seq) analysis of the Lrp4 (F) or Ctnnbip1 (G) promoter region in 951 

KT cells complemented with Tet2CD or Tet2HD for the detection of 5hmC. The 952 

regions analyzed in (D, E, F, G) are indicated by the grey-shaded boxes in (C). #1 and 953 

#2 are two independent KT cell lines. (H and I) Differential methylation (H) or 954 

expression (I) levels of WNT antagonizing genes LRP4 and CTNNBIP1 in TET-955 

mutant LUAD compared with TET wild-type LUAD. Source data of methylation 956 

values (β-values) were derived from TCGA Firehose Legacy (H), and source data of 957 

gene expression were derived from TCGA PanCancer Altas (I). In the box plots, 958 

whiskers indicate maxima and minima; box edges indicate 75th and 25th percentiles; 959 

and horizontal lines in the middle signify median. The number of samples is indicated 960 

for each group, and P values were calculated using a two-tailed unpaired Student’s t-961 

test. *, P ≤ 0.05; **, P ≤ 0.01. 962 
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 963 
Fig. 6. Genetic depletion of β-catenin substantially reverts enhanced LUAD 964 

development in KT mice. (A) Schematic of lentiviral constructs expressing sgRNAs 965 

against Ctnnb1 (Catenin Beta 1) or GFP together with Cas9 and Cre recombinase, 966 

which were used to induce lung tumorigenesis in K or KT mice. (B) Representative 967 

whole-mount views of tumor-bearing lung tissues and H&E-stained lung tumor 968 

sections from K (left) or KT (right) mice administered with the sgGFP or sgCtnnb1 969 

lentiviruses. The tumors were collected at 18 (left) or 12 (right) weeks post infection. 970 

Scale bars, 2 mm. (C) Corresponding quantification of tumor burden in K or KT mice 971 

infected with indicated lentiviruses. Each dot represents an individual mouse. K mice, 972 

n = 6 for sgGFP-treated mice, n = 5 for sgCtnnb1-treated mice. KT mice, n = 5 for 973 

sgGFP-treated mice, n = 6 for sgCtnnb1-treated mice. Data are presented as mean ± 974 

s.e.m. Statistical significance was assessed using two-tailed unpaired Student’s t-test 975 
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with Welch’s correction. *, P ≤ 0.05. (D) Working model illustrating the contribution 976 

of TET enzymes to antagonizing Kras-driven LUAD development. Lung epithelial 977 

cells can undergo neoplasia driven by KRASG12D to initiate a premalignant, 978 

dysregulated growth. In general, KRASG12D alone appears insufficient to drive LUAD 979 

development, however, combination with loss-of-function TET enables potent 980 

malignant transformation. In the TET wild-type setting, TET enzymes orchestrate 981 

dynamic balance of DNA methylation by their catalytic activity to maintain 982 

transcription of key Wnt-associated antagonizing targets, thus ensuring proper Wnt 983 

signaling and tumor suppression (left). Impairment of TET-mediated oxidative DNA 984 

demethylation (for example, mutations or downregulation of TET genes) reprograms 985 

the neoplastic landscapes of DNA methylome and transcriptome, increasing DNA 986 

methylation and silencing expression of Wnt antagonists, leading to hyperactivation 987 

of Wnt signaling and enhanced tumorigenic potential (right).988 
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 1006 

SI Materials and Methods 1007 

Genotyping. Genomic DNA was extracted from the tail tips of mice. The tail tissues 1008 

were lysed by incubation with 400 μl lysis buffer (10 mM Tris-HCl (pH 8.0), 50 mM 1009 

NaCl, 5 mM EDTA, 0.1% SDS) containing 1:50 proteinase K (LifeFeng) overnight at 1010 

55 °C. DNA was precipitated with an equal volume of isopropanol, followed by 1011 

centrifugation at maximum speed for 15 min to discard supernatant, and then 1012 

dissolved in 200 μl TE buffer. Genomic PCR reactions were carried out using 2×Taq 1013 

PCR Master (LifeFeng, PT102-01). Genotyping primers and protocols have been 1014 

reported previously (1-3). 1015 

 1016 

In vivo adenoviral or lentiviral delivery 1017 

To initiate lung tumors, mice with appropriate genotypes at 6-8 weeks of age were 1018 

infected with 4×106 plaque-forming units (PFUs) of CMV-Cre expressing adenovirus 1019 

(Ad5-CMV-Cre) or 1×106 transforming units (TFUs) of lentiviruses co-expressing 1020 

Cre and cDNA of interest or 2×105 TFUs of pSECC lentiviruses co-expressing Cre, 1021 

Cas9 and specific sgRNAs per mouse through intranasal inhalation as previously 1022 

described (4, 5). Then, mice were monitored for signs of lung tumorigenesis and 1023 

euthanized at the indicated times following adenoviral or lentiviral intranasal 1024 

inhalation for histopathological assessment. All mice with the same genotype or 1025 

administration were generally housed within the same cage. Mice of both sexes were 1026 

randomly selected for inducing tumor initiation. 1027 

Mice were monitored weekly for signs of morbidity and were euthanized by CO2 1028 

asphyxiation until signs of illness necessitated euthanasia. Date of euthanasia relative 1029 

to date of adenoviral intranasal inhalation was used for Kaplan-Meier survival 1030 

analyses. 1031 

 1032 

Lung preparation and whole-mount inspection. Mice were anesthetized with 1033 

avertin, and then tumor-bearing lungs were perfused through the trachea with cold 4% 1034 
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paraformaldehyde (PFA). Collected lungs dissected from mice were then subjected to 1035 

fixation in 4% PFA overnight. After being washed with PBS, lung tissues were placed 1036 

on plates to capture whole-mount bright-field images by using a Canon EOS 1100D 1037 

digital camera or transferred to 70% ethanol for histopathological analysis. 1038 

 1039 

Histological quantification. Adobe Photoshop CS6 was used to quantify the 1040 

percentage of total lung area occupied by tumor area (tumor burden) on H&E-stained 1041 

slides. ImageJ was used to determine the frequency of cells that were positive for 1042 

specified antigens as a fraction of total tumor cells. Data points represent individual 1043 

mice for tumor burden graphs and individual tumor regions for Ki-67 by 1044 

immunohistochemistry. Individual mouse tumor lesions or grades were analyzed by 1045 

using modified tumor-grading schemes as previously described (2, 4). 1046 

 1047 

Cloning of human TET2 wild-type or mutant constructs. Full-length wild-type 1048 

human TET2 cDNA was obtained from pCAG-TET2 (NCBI NM_001127208.3), and 1049 

pCAG-TET2 was then engineered by site directed mutagenesis to introduce missense 1050 

mutations occurring in LUAD patients using overlapping PCR method of two 1051 

fragments. Finally, full-length fragments of either TET2 wild-type or mutant cDNA 1052 

were cloned into the pCDH-CMV-3×FLAG-EF1α-copGFP lentiviral vector using 1053 

seamless assembly cloning kit (CloneSmarter, C5891), according to the 1054 

manufacturer’s protocol. All constructs were validated by Sanger sequencing, and 1055 

these validated constructs were transfected into HEK293T cells using Lipofectamine 1056 

3000 Transfection Reagent (Invitrogen, L3000015). 1057 

 1058 

Lentiviral production and infection. Lentivirus was generated by the co-transfection 1059 

of lentiviral backbone constructs (5.4 μg) with packaging plasmid psPAX2 (Addgene, 1060 

#12260, 5.4 μg) and envelope plasmid pMD2.G VSV-G (Addgene, #12259, 1.2 μg) 1061 

into Lenti-X 293T cells (Takara, 632180) using Lipofectamine 2000 Transfection 1062 

Reagent (Invitrogen, 11668-019). Lentivirus-containing supernatants were collected 1063 

and cleared of cellular debris by 0.45-μm filtration 48-72 h after transfection. For in 1064 
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vivo infection, lentiviral supernatants were concentrated by ultracentrifugation at 1065 

50,000 g for 2 h, and resuspended overnight in an appropriate volume of Dulbecco’s 1066 

Phosphate Buffered Saline (DPBS) or OptiMEM (Gibco, 31985-062). 1067 

Target cells were exposed to lentiviral supernatants supplemented with 8 μg/ml 1068 

polybrene for 24h periods before being washed, grown for at least 48 h in fresh 1069 

medium and then subjected to purification of copGFP+ cells by FACS. copGFP+ cells 1070 

were cultured under fresh medium until they were used for experiments. 1071 

To determine lentiviral titer, the engineered 3T3 reporter cell line was generated. 1072 

First, lentiviruses were diluted in a gradient. Upon infection with lentiviruses, reporter 1073 

cells became GFP+ 2-3 days after infection, and then the frequency of GFP+ cells was 1074 

analyzed by flow cytometry to calculate TFUs. 1075 

 1076 

Generation of tumor-derived KT cell lines. KT tumors generated from individual 1077 

KTR mice were dissected, and digested in protease and DNase solution. Dissociated 1078 

cells were further processed for FACS sorting. Total DAPI−/CD45−/CD31−/tdTomato+ 1079 

LUAD cells were sorted, and spun at 300 g for 3 min. Cell pellets were resuspended 1080 

in fresh medium, and then plated in 100-mm plates to allow for attachment. Cell lines 1081 

were genotyped for Kras, Tet1, Tet2 and Tet3 after at least 5 passages in culture. All 1082 

KT cell lines were grown in DMEM supplemented with 10% FBS and 1% pen-strep, 1083 

and tested negative for mycoplasma contamination. The KT cell lines used in this 1084 

study were established from mouse LUAD over the course of the study. 1085 

 1086 

Cell proliferation assay. In brief, 2×104 cells were seeded in duplicate into 6-well 1087 

plates per well. Cells were counted every single day with trypan blue staining to 1088 

determine cell viability using a Countess Automated Cell Counter (Invitrogen, 1089 

C10281). 1090 

 1091 

Subcutaneous allograft transplantation. Parental KT cells or KT cells constitutively 1092 

expressing TET2CD or TET2HD were resuspended in DPBS, and 1×106 cells in a 1093 

volume of 100 μl were subcutaneously injected into both flanks of randomized 6-1094 
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week-old male BALB/c athymic nude mice (six mice per group). Mice were 1095 

monitored every 3 days for tumor formation until 2 weeks. After inoculation for 15 1096 

days, mice were euthanized, and allograft tumors were dissected and examined for 1097 

tumor weight, then fixed in 4% PFA. Paraffin-embedded allograft tumor tissues were 1098 

cut into 5-μm thick sections, and H&E staining was performed on these sections. 1099 

Differences in the weight of allograft tumors were statistically assessed. The maximal 1100 

tumor volumes were in accordance with the Institutional Animal Care and Use 1101 

Committee (IACUC) of Shanghai Institute of Biochemistry and Cell Biology 1102 

(SIBCB), Chinese Academy of Sciences. 1103 

 1104 

Analysis of human LUAD datasets. The following human LUAD datasets were 1105 

used for mutation, mutual exclusivity and co-occurrence and survival analysis: (TSP, 1106 

Nature 2008); (Broad, Cell 2012); (TCGA, Nature 2014); (TCGA, Firehose Legacy); 1107 

(TCGA, PanCancer Atlas); (MSKCC, Science 2015); (MSKCC, Cancer Discov 1108 

2017). Oncoprint, correlation and survival curves were obtained by analysis of the 1109 

above human LUAD datasets using cBioportal for cancer genomics 1110 

(http://www.cbioportal.org) (6, 7). 1111 

 1112 

Quantitative real-time PCR analysis. Total RNA was treated with gDNA Eraser and 1113 

reverse-transcribed into cDNA by PrimeScript RT reagent Kit (Takara, RR047A). 1114 

Quantitative real-time PCR was performed using Bio-Rad CFX96 with SYBR Premix 1115 

Ex Taq (Takara, RR820). Fold change was calculated based on 2−ΔΔCt method after 1116 

normalization to the transcript level of the housekeeping gene Actb. 1117 

 1118 

Western blot analysis. Cells were collected and lysed by ProteinExt Mammalian 1119 

Total Protein Extraction Kit (TransGen, DE101). The supernatants were loaded onto a 1120 

10% SDS-PAGE gel and the proteins were blotted onto a nitrocellulose membrane. 1121 

Membranes were blocked for 1 h with 5% milk in TBST, incubated with anti-FLAG 1122 

mouse monoclonal antibody (Sigma, F1804, 1:1,000) or anti-α-Tubulin mouse 1123 

monoclonal antibody (Sigma, T5168, 1:10,000) overnight at 4 °C or anti-HRP-1124 

http://www.cbioportal.org/


47 
 

conjugated GAPDH mouse monoclonal antibody (Proteintech, HRP-60004, 1:10,000) 1125 

for 1 h at room temperature, and then rinsed 3 times each for 5 min before incubation 1126 

with peroxidase-conjugated affinipure goat anti-mouse IgG (Jackson, 115-035-003, 1127 

1:10,000) or goat anti-rabbit IgG (Jackson, 111-035-003, 1:10,000) for 1 h. The blots 1128 

were detected with Immobilon Western Kit (Millipore, WBKLS0100) and images 1129 

were obtained using a myECL imager (Thermo). 1130 

 1131 

UHPLC–MS/MS analysis. In brief, purified high-quality DNA was digested by 1132 

nuclease P1 (Sigma, N8630) in the presence of 0.2 mM ZnSO4 and 20 mM NaAc (pH 1133 

5.3) at 55 °C for at least 4 h and then was dephosphorylated with calf intestinal 1134 

alkaline phosphatase (CIAP, Takara, 2250A) at 37 °C for at least 4 h. The samples 1135 

were centrifuged at maximum speed for 5 min and the supernatants were then 1136 

subjected to ultra-high performance liquid chromatography-tandem mass 1137 

spectrometry (UHPLC-MS/MS) analysis for quantitation of 5mC and 5hmC. The 1138 

UHPLC–MS/MS analyses were performed using a UHPLC system (Agilent 1139 

Technologies, 1290 series) coupled to a triple quadrupole mass spectrometer (Agilent 1140 

Technologies, Agilent 6495 QQQ). 1141 

1142 
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 1143 

Fig. S1. Mutations of KRAS and TET family genes co-occur and associate with 1144 

poor survival in human LUAD. (A) Barplot showing frequency of genetic 1145 

alterations in TET1, TET2 and TET3 among all patients in human LUAD datasets. 1146 

Mut, mutation; Amp, amplification; Del, deep deletion. (B) OncoPrint from 1147 

cBioPortal showing mutation profiles of KRAS, TP53 and TET family genes in human 1148 
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LUAD datasets (n = 2678 samples). The corresponding mutation frequencies, types 1149 

and study of origin are shown. Connecting lines denote that the mutational status of 1150 

TET genes is not profiled in these samples. (C) Lollipop plots depicting distribution of 1151 

TET1, TET2 and TET3 mutations (missense, truncating and in-frame) found in LUAD 1152 

patients along the protein sequences. (D) Pie charts representing frequency of TET 1153 

family genes related to loss-of-function mutations in human LUAD datasets. (E) 1154 

Contingency table analysis of mutation frequencies between KRAS and TET family 1155 

genes or TP53 in 7 human LUAD datasets. “+” and “−” indicate mutated, or not 1156 

altered, respectively. Mutual exclusivity and co-occurrence analysis of four pairs 1157 

between KRAS and TET1, TET2, TET3 and all three TET genes was tested. P-value 1158 

was derived from one-sided Fisher’s Exact Test. (F) Kaplan–Meier survival analysis 1159 

of LUAD patients whose tumors contain mutations in KRAS, TET family genes or 1160 

both KRAS and TET family genes. The number of samples is indicated. Survival data 1161 

of patients were obtained from the clinical sequencing cohorts shown in (B). 1162 

Significance was determined by Log-rank (Mantel-Cox) test. Source data can be 1163 

found from cBioPortal (www.cbioportal.org). ns, not significant; *, P ≤ 0.05; **, P ≤ 1164 

0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 1165 
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 1166 

Fig. S2. The mutually exclusive pattern of EGFR and TET mutations in human 1167 

LUAD. (A) OncoPrint from cBioPortal showing mutation profiles of EGFR and TET 1168 

family genes in human LUAD datasets (n = 2678 samples). The corresponding 1169 

mutation frequencies, types and study of origin are shown. Connecting lines denote 1170 

that the mutational status of TET genes is not profiled in these samples. (B) 1171 

Contingency table analysis of mutation frequencies between EGFR and TET family 1172 

genes in human LUAD datasets. “+” and “−” indicate mutated, or not altered, 1173 

respectively. Mutual exclusivity and co-occurrence analysis of four pairs between 1174 

KRAS and TET1, TET2, TET3 and all three TET genes was tested. P-values were 1175 

derived from one-sided Fisher’s Exact Test. (C) Kaplan–Meier survival analysis of 1176 

LUAD patients whose tumors contain mutations in EGFR, TET family genes or both 1177 

EGFR and TET family genes. The number of samples is indicated. Survival data of 1178 
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patients were obtained from the clinical sequencing cohorts shown in (A). 1179 

Significance was determined by Log-rank (Mantel-Cox) test. ns, not significant; *, P 1180 

≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 1181 
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 1182 

Fig. S3. Impacts of human LUAD-derived TET mutations on gene expression 1183 

and catalytic activity. (A and B) Downregulation of TET expression in TET-mutant 1184 

LUAD versus TET wild-type LUAD in the setting of both wild-type and mutant 1185 

KRAS (A) or mutant KRAS alone (B). Source data were derived from TCGA 1186 

PanCancer Altas. (C) Global DNA methylation levels in TET-mutant LUAD versus 1187 

TET wild-type LUAD. Source data were derived from TCGA Firehose Legacy. (D) 1188 

Western blot analysis of FLAG-tagged human TET2 variants (mutations outside the 1189 

catalytic domain: R1214L, G1235A, G1282V and F1287S; mutations inside the 1190 

catalytic domain: F1300L, P1342S and H1382Y/D1384A) in transfected HEK293T 1191 

cells. (E) Enzymatic activity assay of the indicated TET2 variants ectopically 1192 

expressed in HEK293T cells. Relative 5hmC levels in genomic DNA were quantified 1193 

by mass spectrometry from two independent experiments. (F) Downregulation of TET 1194 

expression in TCGA LUAD compared with corresponding healthy tissues. Source 1195 

data of tumors and normal tissues were derived from TCGA LUAD datasets and 1196 
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Genotype-Tissue Expression Project (GTEx), respectively. (G) Downregulation of 1197 

TET expression in TET wild-type tumors during LUAD progression based on the 1198 

histological grades. Source data were derived from OncoSG (Nat Genet, 2020) (H and 1199 

I) Kaplan–Meier plots showing survival probability of patients in TCGA PanCancer 1200 

Atlas partitioned by the expression level of TET (high, ≥ 0.5 standard deviations 1201 

(s.d.); low, ≤ −0.5 s.d. below the mean). The number of samples is indicated for each 1202 

group (A-C, F-I), and P values were calculated using two-tailed unpaired Student’s t-1203 

test (A-C, F and G) and Log-rank Mantel–Cox test (H and I). *, P ≤ 0.05; **, P ≤ 1204 

0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 1205 
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 1206 
Fig. S4. Generation of GEMMs to simultaneously induce the activation of 1207 

oncogenic Kras and the deletion of Tet family genes. (A) Schematic of KrasG12D 1208 

point mutation activation and targeted disruption of Tet family genes. Conditional 1209 

allele of KrasLSL-G12D modeled an oncogenic mutation by a glycine to aspartic acid 1210 

transition at codon 12 in the endogenous locus. A LoxP-STOP-LoxP (LSL) cassette 1211 

was engineered into the first intron of Kras gene. The LSL cassette consists of 1212 

transcriptional and translational stop elements flanked by LoxP sites, and prevents the 1213 

expression of the mutant allele until the stop elements are removed by Cre 1214 

recombinase. For conditional alleles of Tet1, Tet2 and Tet3, coding exons are shown as 1215 

black rectangles. Frt sites flanking the neo selection marker are shown as purple 1216 

triangles and LoxP sites flanking the targeted region are shown as red triangles. Stars 1217 

indicate the exon encoding the His-X-Asp motif of the iron binding site of TET 1218 

enzymes. (B) Gel images show genotyping PCR results of the corresponding GEMMs 1219 

with conditional alleles of KrasLSL-G12D and Tet family genes. (C) KrasLSL-G12D/+ mice, 1220 

Tet1flox/flox mice, Tet2flox/flox mice and Tet3flox/flox mice were crossed to generate the 1221 
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cohorts as below: K (KrasLSL-G12D/+), KT Het (KrasLSL-G12D/+; Tet1flox/+; Tet2flox/+; 1222 

Tet3flox/+), KT (KrasLSL-G12D/+; Tet1flox/flox; Tet2flox/flox; Tet3flox/flox), KT1 (KrasLSL-G12D/+; 1223 

Tet1flox/flox), KT2 (KrasLSL-G12D/+; Tet2flox/flox), KT3 (KrasLSL-G12D/+; Tet3flox/flox), KT23 1224 

(KrasLSL-G12D/+; Tet2flox/flox; Tet3flox/flox) and T (Tet1flox/flox; Tet2flox/flox; Tet3flox/flox). 1225 

Genetic lesions were induced by intranasal inhalation of adenovirus or lentivirus 1226 

expressing Cre recombinase at 6-8 weeks of age, after which mice were monitored for 1227 

signs of disease and euthanized from 4 to 12 weeks after viral infection for 1228 

histopathological analysis. 1229 



56 
 

 1230 
Fig. S5. Triple knockout of Tet genes triggers a spectrum of rapidly-proliferating 1231 

and poorly-differentiated malignant lesions. (A) Histopathological images of 1232 
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representative H&E-stained lung tumors within different tumor grades from KT mice 1233 

at 12 weeks after Ad-CMV-Cre infection. AAH, atypical adenomatous hyperplasia; 1234 

ADC, adenocarcinoma. Scale bars, top panel, G1 100 μm, G2 200 μm, G3 500 μm; 1235 

bottom panel, 50 μm. (B and C) Immunohistochemistry images for Ki-67 staining (B) 1236 

and quantification of Ki-67 positive tumor cells (C) in K and KT tumors at 8 or 12 1237 

weeks after Ad-CMV-Cre infection. Each circle represents an individual tumor region. 1238 

n = 30 tumor regions for each genotype at various time points. (D and E) 1239 

Representative images of H&E-stained tumor-bearing lung sections (D) and 1240 

corresponding quantification of tumor burden (E) in K and KT mice at 8 or 12 weeks 1241 

after Ad-CMV-Cre infection. Each dot represents an individual mouse. n = 8 mice for 1242 

each group. Data are mean ± s.e.m. Statistical significance was assessed using two-1243 

tailed unpaired Student’s t-test with Welch’s correction (C, E). *, P ≤ 0.05; **, P ≤ 1244 

0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bars, left (8 weeks), 100 μm; right (12 1245 

weeks), 200 μm, and insets are 20 μm (B); 2 mm (D). (F) Representative whole-1246 

mount views of lung tissues and H&E-stained lung sections from T mice at 12 (left) 1247 

or 54 (right) weeks after Ad-CMV-Cre infection. Scale bars, whole-mount lung tissues 1248 

and sections, 2 mm; magnified H&E sections, 100 μm. (G) Immunofluorescence 1249 

images for SPC (AT2 marker), PDPN (AT1 marker), SCGB1A1 (club cell marker) 1250 

and FOXJ1 (ciliated cell marker) staining on lung sections from T mice at 12 weeks 1251 

after Ad-CMV-Cre infection. Scale bars, 50 μm; magnified images, 10 μm. 1252 
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 1253 
Fig. S6. Single or double knockout of Tet genes induce tumors with varying 1254 

degrees of differentiation. (A) Quantitative real-time PCR (qRT-PCR) analysis of 1255 

Tet1, Tet2 and Tet3 transcripts in mouse adult lung tissues (n = 3 mice). (B) qRT-PCR 1256 

analysis of Tet1, Tet2 and Tet3 transcripts in K tumors and adjacent tumor-free tissues 1257 

collected at 22 weeks after Ad-CMV-Cre infection. The expression levels are 1258 

normalized to Actb and presented as mean ± s.e.m. (A, B). Statistical significance was 1259 

determined using two-tailed unpaired Student’s t-test with Welch’s correction (B).  1260 

ns, not significant; ***, P ≤ 0.001. (C-F) Immunohistochemistry images for NKX2-1, 1261 

SPC and SCGB1A1 staining in KT1 (C), KT2 (D), KT3 (E) and KT23 (F) tumors at 1262 

12 weeks after Ad-CMV-Cre infection. H&E staining is shown on top. Scale bars, 200 1263 

μm, and insets are magnified 10× (C, D, E, F). 1264 
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 1265 

Fig. S7. TET2 attenuates proliferation of established KT LUAD cells dependent 1266 

on its catalytic activity. (A) Representative FACS plots of tdTomato+ primary tumor 1267 

xgl
这里你用的是人的蛋白？如果是小鼠蛋白，可写成 Tet2.
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cells sorted from dissociated tumor-bearing lung tissues of three KT mice with 1268 

Rosa26LSL-tdTomato/+ reporter allele at 12-16 weeks after Ad-CMV-Cre infection. 1269 

DAPI−/CD45−/CD31−/tdTomato+ cells (total cancer cell fraction) are gated in red 1270 

rectangles. (B) Representative images of cell morphology in three independent cell 1271 

lines sub-cultured from the sorted tdTomato+ tumor cells at least 5 passages. (C) Gel 1272 

images show genotyping PCR results of conditional inactivation of Tet1, Tet2 and Tet3 1273 

in three independent cell lines. (D) Gross (top) and H&E-stained (bottom) images of 1274 

KT LUAD cells grown for 2 weeks as subcutaneous allografts. (E) Schematic of 1275 

lentiviral constructs of truncated or full-length Tet2 (Tet2CD or Tet2FL) and 1276 

catalytically-inactive counterparts (Tet2HD or Tet2FL-HD) used for constitutive 1277 

expression in KT cells. copGFP is used for purification of infected cells by FACS. 1278 

CMV and EF1α promoters drive transgene or fluorescence marker expression, 1279 

respectively. A FLAG epitope added to the N terminus of TET2CD, TET2FL, 1280 

TET2HD or TET2FL-HD allows detection of the fusion protein. (F and G) qRT-PCR 1281 

(F) and western blot (G) analysis of truncated Tet2 mRNA or truncated FLAG-TET2 1282 

fusion protein expression in KT cells complemented with Tet2CD or Tet2HD. 1283 

Parental KT cells (Vec) served as negative control. (H and I) Quantification of 5hmC 1284 

(H) and 5mC (I) nucleosides in genomic DNA extracted from KT cells complemented 1285 

with Tet2CD or Tet2HD and parental cells (Vec) determined by quantitative mass 1286 

spectrometry from two independent experiments. Downward arrows indicate not 1287 

detected. (J) Growth curves of KT LUAD cells complemented with Tet2CD or 1288 

Tet2HD. Cell number was determined at every passage by counting the trypan blue 1289 

negative cells at indicated time points from two biological replicates. (K) KT LUAD 1290 

cells complemented with Tet2CD or Tet2HD were subcutaneously injected into 1291 

randomized athymic nude mice (six mice per group) and grown for 15 days. The 1292 

weight of allograft tumors was statistically analyzed. (L) Western blot analysis of the 1293 

FLAG-tagged full-length mouse Tet2 protein in KT cells complemented with Tet2FL 1294 

or Tet2FL-HD. Parental KT cells (Vec) served as negative control. (M and N) 1295 

Quantification of 5hmC (M) and 5mC (N) nucleosides in the genomic DNA extracted 1296 

from KT cells complemented with Tet2FL or Tet2FL-HD and parental cells (Vec). The 1297 
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nucleoside contents were determined by quantitative mass spectrometry. Downward 1298 

arrows indicate “not detected”. (O) Growth curves of KT cells complemented with 1299 

Tet2FL or Tet2FL-HD. Cell number was determined by counting trypan blue negative 1300 

cells at indicated time points. Data are presented as mean ± s.e.m. Statistical 1301 

significance was calculated using two-tailed unpaired Student’s t-test (J, K, O). *, P ≤ 1302 

0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. Scale bars, 200 μm (B); 2 mm 1303 

(top), 5 μm (bottom) (D); 5 mm (K). #1, #2 and #3 represent three biologically 1304 

independent KT LUAD cell lines. 1305 



62 
 

 1306 
Fig. S8. Functional validation of lentiviruses of Cre, Cre-Tet2CD or Cre-Tet2HD 1307 

in engineered 3T3 cells. (A) Schematic of engineered 3T3 fibroblast cells containing 1308 

a LoxP-RFP-STOP-LoxP-GFP cassette. The 3T3 cells expressed GFP 2-3 days after 1309 

infection with a lentivirus expressing Cre recombinase. (B) Representative images of 1310 

GFP+ cells infected with lentiviruses of Cre, Cre-Tet2CD or Cre-Tet2HD, 1311 

respectively. Total cells were shown under bright field (BF). Scale bars, 100 μm. (C 1312 

and D) Confirmation of truncated Tet2 mRNA or truncated FLAG-TET2 fusion 1313 

protein overexpressed in sorted GFP+ cells infected with indicated lentiviruses using 1314 

qRT-PCR (C) and western blot (D). (E and F) 5hmC (E) and 5mC (F) dot blot 1315 

analysis of genomic DNA extracted from sorted GFP+ cells infected with indicated 1316 

lentiviruses. Total genomic DNA was measured by methylene blue staining. 1317 
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 1318 

Fig. S9. Isolation of pre-malignant cells in early neoplasia used for low-input 1319 

RNA-seq and WGBS analysis. (A) An example of the FACS gating strategy used to 1320 

sort live tdTomato+ lung epithelial cells. Dissociated lung cells were first gated as 1321 

DAPI− and tdTomato+ cells. Epithelial cells were then identified as CD45−/CD31−/ 1322 

EPCAM+. (B) FACS analysis of pre-malignant cells defined as tdTomato+ lung 1323 

epithelial cells sorted from KR and KTR mice at 3 weeks after Ad-CMV-Cre 1324 

infection. Representative plots from three independent experiments. (C) FACS 1325 

quantification for the total proportion of pre-malignant cells in KR and KTR mouse 1326 

lung tissues. KR, n = 7 mice; KTR, n = 8 mice. Data are shown as mean ± s.e.m. 1327 

Statistical significance was calculated using two-tailed unpaired Student’s t-test. ns, 1328 
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not significant. (D) Log expression of lung epithelial cell marker genes from low-1329 

input RNA-seq data. (E) Global CpG methylation levels of K and KT pre-malignant 1330 

cells across the different genomic elements. DNA methylation level was calculated by 1331 

extracting CpG sites with at least 5×coverage. (F) Distribution of methylation levels 1332 

of individual CpGs across the designated genomic elements. 1333 
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 1334 

Fig. S10. Transcriptional profiles of established KT cells complemented with 1335 

Tet2CD or Tet2HD by bulk RNA-seq. (A) Principal component analysis of RNA-1336 

seq data from parental KT cells (black) and KT cells complemented with Tet2CD 1337 

(red) or Tet2HD (grey). (B and C) Scatter plot showing the DEGs in KT cells 1338 

complemented with Tet2CD versus parental cells (B) or cells complemented with 1339 

Tet2HD (C). nCount stands for the normalized counts (mean of the counts divided by 1340 

size factors). The dashed lines indicate the four-fold change threshold for defining 1341 

DEGs. Red and blue dots denote significantly changed genes (log2(fold change) ≥ 2 or 1342 

≤ −2 and adjusted P value ≤ 0.05) and grey dots denote genes without significant 1343 

changes. (D) Venn diagram showing the overlap of DEGs from (B) and (C). The 1344 

number of upregulated or downregulated genes is indicated. (E and F) GO analysis of 1345 

DEGs (log2(fold change) ≥ 2 or ≤ −2 and adjusted P value ≤ 0.01) either upregulated 1346 
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(E) or downregulated (F) in KT cells complemented with Tet2CD. Related categories 1347 

of Wnt signaling pathway are denoted in red (E), and related categories of cell 1348 

proliferation and cell adhesion are denoted in blue (F). #1 and #2 represent two 1349 

biologically independent KT LUAD cell lines. 1350 
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 1351 

Fig. S11. Methylation profiles of established KT cells complemented with Tet2CD 1352 

or Tet2HD by TAPS. (A) Overall CpG methylation levels of parental KT cells and 1353 

KT cells complemented with Tet2CD or Tet2HD across the various genomic 1354 

elements. DNA methylation level was calculated by extracting CpG sites with at least 1355 

10×coverage. (B) Global methylome comparison between Tet2CD-expressing and 1356 

Tet2HD-expressing KT cells. DMRs were filtered by length (≤1000 bp) and CpG 1357 

number (at least 5 CpG sites). Those with at least 20% absolute methylation level 1358 

difference were defined as hypermethylated or hypomethylated DMRs. Each dot 1359 

represents the methylation level of each single DMR. Red or blue triangle contains 1360 

hypermethylated or hypomethylated DMRs. (C) Distribution of hypomethylated 1361 

DMRs in Tet2CD-expressing KT cells among various genomic elements. (D) GO 1362 

analysis of all upregulated DEGs harboring hypomethylated DMRs in promoter 1363 

regions in Tet2CD-expressing KT cells. The number of genes in each category is 1364 

indicated. Wnt-related categories are denoted in red. (E) Representative methylation 1365 
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tracks of the Wnt antagonizing genes Dact1 (top) and Tmem88 (bottom) in KT cells 1366 

complemented with Tet2CD or Tet2HD. Vertical bars of methylation tracks indicate 1367 

the methylation level at individual CpG dyads. The grey-shaded box indicates the 1368 

hypomethylated DMRs in the promoter regions of Dact1 and Tmem88 in Tet2CD-1369 

expressing KT cells. (F and G) Differential methylation (F) or expression (G) levels 1370 

of WNT antagonizing genes DACT1 and TMEM88 in TET-mutant LUAD compared 1371 

with TET wild-type LUAD. Source data of methylation values (β-values) were 1372 

derived from TCGA Firehose Legacy (F), and source data of gene expression were 1373 

derived from TCGA PanCancer Altas (G). In the box plots, the bottom and the top 1374 

rectangles indicate the first quartile and third quartile. The horizontal lines in the 1375 

middle indicate the median, and the vertical lines that extend from the top and the 1376 

bottom of the plot indicate the maximum and minimum values. The number of 1377 

samples is indicated for each group, and P values were calculated using a two-tailed 1378 

unpaired Student’s t-test. *, P ≤ 0.05. 1379 
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 1380 
Fig. S12. In vitro validation of efficiency of sgRNAs targeting the β-catenin gene 1381 

Ctnnb1 in engineered 3T3 cells using pSECC lentiviruses. (A) CRISPR-Cas9-1382 

mediated Ctnnb1 gene disruption. sgRNA targeting sites were chosen in Ctnnb1 exon 1383 

3, and four serine/threonine residues are included (codons are underlined), which 1384 
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could be phosphorylated, leading to β-catenin degradation. Three individual sgRNA-1385 

targeting sequences are underlined in blue, and the corresponding protospacer 1386 

adjacent motif (PAM) sequences are marked in orange. The region for PCR 1387 

genotyping is indicated as horizontal arrows. (B) Representative images of GFP+ 3T3 1388 

cells infected with pSECC lentiviruses of sgGFP, sgCtnnb1.1, sgCtnnb1.2 or 1389 

sgCtnnb1.3, respectively. Total cells were shown under bright field. Scale bars, 100 1390 

μm. (C-E) Representative examples of indel (insertion/deletion) mutations detected in 1391 

Ctnnb1 endogenous locus from the genomic DNA of GFP+ 3T3 cells infected with the 1392 

lentiviruses of sgCtnnb1.1 (C), sgCtnnb1.2 (D) or sgCtnnb1.3 (E). Percentages of 1393 

indels arising from non-homologous end joining (NHEJ) mediated by sgCtnnb1.1, 1394 

sgCtnnb1.2 or sgCtnnb1.3 were summarized from total tested samples. sgRNA 1395 

targeting sequences are labelled in blue. PAM sequences are marked in yellow. Cas9 1396 

cleavage sites are denoted by downward arrows in wild-type gene sequence. 1397 
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