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Introduction
Epigenetic regulation plays key roles in tumor evolutions. Among 

these factors, histone methyltransferases (HMTs) constitute 

appealing targets for disease intervention because they are fre-

quently dysregulated in a spectrum of human tumors and their 

enzymatic activity could be therapeutically manipulated (1). Nev-

ertheless, it remains unclear in many cases whether alterations in 

histone modifications are the driving force to foster tumor cell het-

erogeneity and neoplastic predisposition.

The interplay between active and repressive histone modi-

fications governs gene expression. In general, histone H3 lysine 

27 trimethylation (H3K27me3) leads to gene repression, whereas 

histone H3 lysine 4 trimethylation (H3K4me3) and H3 lysine 36 

methylation (H3K36me2/me3) promote gene transcription (2). In 

mammalian cells, SETD2 is the major enzyme that catalyzes the 

trimethylation of lysine 36 on histone 3 (H3K36me3) (3, 4), a histone 

mark associated with actively transcribed regions (2, 5). Germline 

inactivation of Setd2 in mice leads to vascular remodeling defects 

(4), indicating a nonredundant role of SETD2 during development. 

Cell culture–based studies demonstrate the defects in chromo-

some segregation, DNA repair, and reduced nucleotide pools in 

SETD2-depleted cells (6–8). Mechanistic characterizations reveal 

that SETD2-mediated H3K36me3 regulates the recruitment of and 

DNMT3b to ensure the fidelity of gene transcription initiation in 

embryonic stem (ES) cells (9). In addition, SETD2 and H3K36me3 

are implicated in RNA splicing during gene transcription (10–13). 

SETD2-mediated H3K36me3 influences the splice site selection 

through the recruitment of MORF-related gene 15 (MRG15) and 

polypyrimidine tract binding protein 1 (PTB) (14). Consistent with 

its prominent role in maintenance of genomic integrity, SETD2 is 

frequently mutated or deleted in a variety of human tumors, most 

pronounced in clear cell renal cell carcinoma (ccRCC), but also in 

breast, glioma, gastrointestinal stromal tumors (GISTs), and leuke-

mia (15–19). Nevertheless, the genetic characterization of SETD2 

to determine its role in tumorigenesis and the signaling pathways 

coordinated remains largely undetermined.

Colorectal cancer (CRC), one of the most deadly cancers world-

wide, arises from stepwise accumulation of genetic and epigenetic 

perturbations (20–22). As one of the most vigorously renewing 

tissues, intestine represents an excellent model for understand-

ing the molecular mechanisms that modulate tissue homeostasis. 

Wnt/β-catenin signaling activates intestinal stem cells (ISCs) to 
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stratification of overall survival and metastasis-free survival in 

patients (Figure 1E and Supplemental Table 1). In addition, mul-

tivariate Cox proportional-hazards regression analysis revealed 

that SETD2 also carried the independent predictive power to 

further enhance the prognostic accuracy of TNM status in CRC 

(T, size or direct extent of the primary tumor; N, degree of spread 

to regional lymph node; M, presence of distant metastasis) (Sup-

plemental Table 1). Likewise, the clinical relevance of SETD2 was 

further supported by analysis of the public data sets. As shown 

by Kaplan-Meier plot, SETD2 mRNA was negatively associated 

with disease-relapsed free survival in 2 separate patient cohorts 

(Figure 1F). Together, these findings highlight SETD2 as a poten-

tial biomarker for CRC and suggest a causal role of SETD2 in  

colorectal tumorigenesis.

SETD2 reduction promotes tumorigenesis in cells. To investigate 

the role of SETD2 in colon cancer, we first generated SETD2- 

depleted RKO and DLD1 cells using 2 shRNA constructs that dis-

play similar knockdown efficiency (Figure 2A). Reduced SETD2 

facilitated the growth and migration of these cells as measured 

by MTT and Transwell assays, respectively (Figure 2, B and C). 

Next, we examined whether SETD2 is important for anchorage- 

independent growth and oncosphere formation in cells. As shown 

in Figure 2, D and E, reduced SETD2 expression in HCT116, RKO, 

and DLD1 cells markedly enhanced anchorage-independent 

growth and oncosphere formation. Quantitation results revealed 

there were 2- to 3-fold increases of colonial formation efficiency 

upon SETD2 silencing (Figure 2D). Although overexpression of 

SETD2 did not affect the growth and migration of HCT116 cells 

(Supplemental Figure 1), it impaired colony and oncosphere growth 

(Figure 2F). In contrast, a SETD2 mutant lacking the catalytical set 

domain did not exhibit such impact, suggesting that methyltrans-

ferase activity is required for its suppressive function. Together, our 

results indicate that SETD2 impairs CRC progress in CRC cells.

Setd2 deletion aggravates tumor malignance in an Apcmin/+ mouse 

model. The above results prompted us to employ GEMs to inves-

tigate the role of SETD2 in CRC in vivo. To circumvent embryonic 

lethality, we first generated Setd2-floxed mice (Supplemental Figure 

2A) and crossed them with Villin-Cre mice to delete Setd2 in intes-

tinal epithelium (Setd2fl/fl VillinCre/+, hereafter referred as Setd2ΔIEC 

mice) (Figure 3, A and B, and Supplemental Figure 2A). Interest-

ingly, though inactivation of Setd2 profoundly reduced H3K36me3 

levels within intestinal epithelium (Figure 3, A and B), Setd2ΔIEC mice 

were viable and fertile and exhibited no gross phenotypic abnor-

malities compared with their control littermates. Over a period of 

10-month observations, no overt defects were seen in the structures 

of intestine and the crypt-villus axis in Setd2ΔIEC mice (Figure 3C 

and Supplemental Figure 2B). In addition, by assessing the number 

of enterocytes and goblet cells (identified by alkaline phosphatase 

[ALP] and periodic acid–Schiff [PAS] staining), we determined there 

were no detectable differences in terms of cell lineage composition 

(Supplemental Figure 2B). This observation was further confirmed 

by RT-qPCR analysis. Though MUC2 expression (goblet cell) was 

decreased, there were no significant changes in the expression of 

other marker genes for the different cell lineages and stem cell pop-

ulations in SETD2-deficient intestinal tissue compared with controls 

(Supplemental Figure 2C). Thus, Setd2 is largely dispensable for 

intestinal homeostasis under physiological states.

give rise to progenitor cells and, afterwards, replenish the intestinal 

epithelium (23). The threshold of Wnt signaling within the stem or 

progenitor cells is tightly regulated to maintain intestine homeo-

stasis. Disruption of such tight regulation by inactivation of the 

tumor suppressor gene APC or activation of the oncogene CTNNB1 

is frequently observed in the vast majority of human CRCs (22). Of 

note, Wnt target gene leucine-rich repeat-containing G protein–

coupled receptor 5 (Lgr5) is demonstrated as a specific proliferat-

ing stem cell marker, and lineage-tracing experiments indicate 

that Lgr5-positive cells can be the origin of intestinal adenomas in 

mice (24). During intestinal tumorigenesis, Wnt/β-catenin signal-

ing is essential for stimulating the propagations of the tumor cells 

partially bearing stem or progenitor cell characteristics. However, 

the Wnt pathway involves various feedback loops that balance the 

opposing processes of cell proliferation and differentiation (25, 26). 

Even in these Apc-mutated tumors, the population of cells sustain-

ing stem or progenitor cell characteristics remains limited. Thus, 

beyond genetic mutations for Wnt signaling, additional layers of 

regulations exist to influence the full progression of CRC.

Here, we utilize genetically engineered mouse models 

(GEMs) and establish that SETD2 is a putative tumor suppressor 

gene in CRC. Mechanistic investigations indicate that SETD2 

modulates the alternative splicing (AS) of the genes implicated  

in tumorigenesis. Interestingly, we show that SETD2 loss results 

in the accumulation of dishevelled segment polarity protein 

2 (DVL2) mRNA through nonsense-mediated decay–coupled 

(NMD-coupled) AS regulation and consequently augments 

Wnt/β-catenin signaling to affect intestinal self-renewal and dif-

ferentiation. Thus, our results highlight that tumors lacking this 

methyltransferase exhibit a more aggressive disease and worse 

outcome with potentially therapeutic implications.

Results
SETD2 expression is downregulated in human CRC. To explore a 

possible role of SETD2 in CRC, we first assessed SETD2 expres-

sion in humans with CRC. As shown in Figure 1A, quantitative 

reverse-transcriptase PCR (RT-qPCR) analysis indicated that 

SETD2 mRNA was significantly reduced in tumors compared 

with their paired normal biopsies (Figure 1A). In addition, West-

ern blotting analysis revealed that levels of SETD2 protein and 

H3K36me3 were both decreased in the tumor lysates as com-

pared with the normal counterparts (Figure 1B). To substantiate 

this observation, we extended the analysis to a larger patient 

cohort comprising 168 tumor specimens and 48 normal biop-

sies (the clinical information was summarized in Supplemental 

Table 1; supplemental material available online with this arti-

cle; https://doi.org/10.1172/JCI94292DS1). Immunochemistry 

analyses revealed a significantly lower SETD2 protein level in 

colorectal tumors (mean = 3.97, median = 4) in comparison with 

normal colons (mean = 5.65, median = 6). Quantification showed 

that approximately 65% of normal tissues displayed interme-

diate to intense nuclear SETD2 staining, whereas only around 

35% of tumors exhibited such a pattern (Figure 1C). Correlation 

studies also indicated that SETD2 expression in tumor cells was  

inversely linked to the stages of disease progression (Figure 1D). 

More importantly, as judged by hazard ratios (HRs), SETD2 

expression levels served as an independent predictor for risk 
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compound mice displayed an adenomatous pattern invading the 

muscle layer, whereas most of the lesions in Apcmin/+ mice remained 

in the confined dysplastic stage (Figure 3G). Accordingly, the intes-

tines of Apcmin/+; Setd2ΔIEC mice exhibited higher proliferative rates 

Mutation of the WT Apc allele (Apcmin/+) results in widespread 

adenomas throughout the gastrointestinal tract in mice. We hypoth-

esized that Setd2 deletion might aggravate tumorigenesis in Apcmin/+ 

mice. Thus, tumor progression of compound Apcmin/+; Setd2ΔIEC 

mice and the control Apcmin/+ group was analyzed over a period of 

8 months. As shown by Kaplan-Meier survival plots, life span was 

much shorter in the compound mice, with a median survival of 105 

days, compared with 205 days in Apcmin/+ mice (P = 8.66 × 10–16) 

(Figure 3D). Macroscopic dissections revealed a profound increase 

in the number of lesions and tumor loads within Apcmin/+; Setd2ΔIEC 

mice at 3 to 4 months of age (Figure 3E). Of note, analyses of tumor-

size distribution indicated that tumors in Apcmin/+; Setd2ΔIEC mice 

were larger in size compared with the lesions in Apcmin/+ mice (Figure 

3F), suggesting that Setd2 depletion promotes both tumor initiation 

and progression. H&E staining further confirmed that there were 

significantly more polyps in the intestines of the compound mice 

(Figure 3G). At 3 to 4 months, subsets of the lesions arising from the 

Table 1. Summary of altered AS genes upon Setd2 knockout in 

Apcmin/+ mice

Type of AS events Gene number Total (%)
3SS 40 5.6%

5SS 33 4.6%

RI 279 39.2%

SE 198 27.8%

MXE 161 22.6%

Figure 1. Clinical relevance of SETD2 expression in human CRC. (A) SETD2 mRNA levels in 30 matched tumor and paracarcinoma tissues (paired t test, 

P = 0.0035). (B) SETD2 and H3K36me3 protein levels in 6 pairs of random CRC samples. Blot images are derived from replicate samples run on parallel 

gels. N, adjacent normal specimens; T, matched tumor tissues. (C) Expression of SETD2 was assessed in tissue microarray. SETD2 staining indexes using a 

10-point quantification scale in normal colon counterparts (n = 35) and tumors (n = 149) are shown (χ2 test, P = 0.0015). (D) Boxed plot of SETD2 expression 

assessed by blinded IHC analyses of TMA at different clinical stages (Kruskal-Wallis test). (E) Kaplan-Meier plot of overall survival and metastasis-free 

survival of patients based on SETD2 expression levels. A log-rank test was used for statistical analysis. (F) Kaplan-Meier survival curves for disease 

relapse–free stratified by SETD2 expression levels using GEO data sets GSE35982 and GSE17538 (P values by log-rank test). Scale bars: 50 μm.
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Figure 2. SETD2 inhibits tumorigenesis in CRC cells. (A) Western blotting 

analysis of the indicated proteins in control and SETD2 knockdown (SETD2-KD) 

cells. Blot images are derived from replicate samples run on parallel gels. (B and 

C) In vitro growth (B) and migration (C) of control (CTRL) and SETD2-depleted 

RKO and DLD1 cells. (D and E) Soft agar assays (D) and oncosphere formations 

(E) in parental and SETD2-KD cells. The quantitation results are shown in the 

right panels. (F) The levels of WT SETD2 or SETD2-ΔSet overexpression (left 

panel) and quantitation results of anchorage-independent growth and onco-

sphere formation (right panel) in HCT116 cells. Statistical comparisons in B–D, 

and F were made using a 2-tailed Student’s t test*P < 0.05; **P < 0.01. Scale 

bars: 400 mm (C); 5 mm (D); 1 mm (E).
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sured β-catenin accumulation in the small intestine. Compared with 

control mice, nuclear β-catenin staining was enhanced in the crypts 

of histologically normal intestines of Apcmin/+; Setd2ΔIEC mice, and 

this accumulation was more prominent in the tumors lacking SETD2 

(Figure 4H). Together, these results indicate that SETD2 deficiency 

stimulates Wnt-induced transformation and stemness programs to 

promote the expansion of stem/progenitor cells.

SETD2 loss enhances intestinal regeneration and self-renewal. 

When damaged, the intestine requires high levels of Wnt/β-catenin 

signaling to facilitate regeneration. Therefore, we utilized a whole-

body irradiation–induced (WBI-induced) regeneration model to 

further define the role of SETD2 in the regulation of Wnt signaling. 

H&E staining of intestinal paraffin sections was employed to assess 

the number and length of villus during the regeneration process.  

Setd2ΔIEC mice exhibited an accelerated regeneration process in com-

parison with control littermates. By day 5 after irradiation, intestinal 

regeneration as measured by villus length was largely recovered in 

the intestine of Setd2ΔIEC mice, but not in control litters (Figure 5, A 

and B). In accordance with the results in Apcmin/+ mice, Setd2 deletion 

significantly enhanced the levels of Wnt/β-catenin targets such as 

Fzd6, Fzd7, Axin2, and Ccnd1 along with increasing expression of the 

progenitor cell–associated genes Cd133 and Cd44 (Figure 5C). Col-

lectively, our results indicated that SETD2 restricted stem/progenitor 

cell expansion during intestine regeneration.

To complement our genetic findings, we utilized intestinal 

organoid culture (also known as mini-guts or enteroids) to directly 

interrogate the cell-intrinsic response to SETD2 reduction without 

potential interference by tissue microenvironment. Over 6 days of 

ex vivo culture, we observed significantly larger sizes of organoids 

derived from the crypts of Apcmin/+; Setd2ΔIEC mice (Figure 5D). In 

addition, quantitation of organoid differentiation revealed that 

SETD2 deficiency impaired the sprouting of organoid, a result 

that is characteristic of a less differentiated phenotype and more 

reminiscent of tumorigenesis (Figure 5D). In accordance with the 

faster kinetic growth of SETD2-depleted organoids, phospho-H3 

staining indicated that Setd2 ablation renders the cells more pro-

liferative (Figure 5E). In addition, whole-mount staining revealed 

the enhanced nuclear translocations of β-catenin in the absence of 

SETD2 (Figure 5E). Likewise, SETD2-deficient organoids exhib-

ited mislocalized and increased Paneth cells likely caused by 

enhanced Wnt signaling (Figure 5E). Further RT-qPCR analysis 

indicated that these cyst-like structures produced high levels of 

stem or progenitor cell–associated genes, including Lgr5, Axin2, 

Olfm4, and Cd133, whereas the terminal differentiation–related 

genes Alpi, Fabp2, Muc2, and Clca3 were simultaneously down-

regulated in the absence of SETD2 (Figure 5F). Collectively, these 

results demonstrate that SETD2 regulates intestinal self-renewal 

and differentiation in a cell-intrinsic manner.

SETD2 modulates AS of the genes implicated in oncogenesis. 

Accumulating evidence suggests that SETD2 regulates RNA splic-

ing (10–14). This may reflect the ability of SETD2 to influence 

transcription elongation and initiation (5, 9). Regardless of the 

molecular mechanisms, loss of SETD2 has been shown to modu-

late AS in multiple biological contexts. As such, we conducted the 

Multivariate Analysis of Transcript Splicing (rMATS) program (27) 

to identify SETD2-regulated AS events during intestinal tumori-

genesis. As summarized in Table 1, 711 genes exhibited the signifi-

and less apoptosis, indicated by phospho-H3 and cleaved caspase 3 

staining (Figure 3H and Supplemental Figure 3A). The observation 

that SETD2 deficiency promotes intestinal proliferation and pre-

vents apoptosis was further strengthened by Western blotting anal-

ysis. As shown in Figure 3I, there were significant increases of prolif-

erating cell nuclear antigen (PCNA) levels and reductions of cleaved 

caspase 3 signals in the intestine lysates of Apcmin/+; Setd2ΔIEC mice. 

Together, these results demonstrate that SETD2 deficiency acceler-

ates adenoma development in Apcmin/+ mice and support the notion 

that SETD2 is a tumor suppressor in the gut.

Setd2 deletion stimulates Wnt-dependent transformation and 

stemness programs. To get an insight into the mechanism of how 

Setd2 ablation promotes CRC, we performed gene expression anal-

ysis using the intestinal tissues isolated from Apcmin/+ and Apcmin/+; 

Setd2ΔIEC mice. We utilized morphologically normal tissues without 

the polyps from 6- to 8-week-old mice. At this time point, Apcmin/+; 

Setd2ΔIEC mice exhibited histology similar to that of the control lit-

termates; therefore, the genes exhibiting altered expressions might 

be more directly related to earlier events influenced by SETD2. 

Ingenuity Pathway Analysis (IPA) indicated that the most promi-

nently altered disease processes were associated with cancer and 

gastrointestinal disease (Supplemental Figure 3B). Similarly, cell 

proliferation and growth and cell death and survival were enriched 

cellular functions in the absence of SETD2 (Supplemental Figure 

3B). To better understand SETD2-mediated signal circuits, we 

performed gene set enrichment analysis (GSEA) and observed 

that SETD2 loss significantly enriched the gene concepts linked to 

stem and progenitor signature, including stem cell and prolifera-

tion signaling, whereas terminal differentiation signaling was com-

promised in the absence of SETD2 (Figure 4A). These results were 

further exemplified by PAS, ALP staining, and anti-CD44 immu-

nostaining. We found that the proportions of goblet cells (PAS posi-

tive) and enterocytes (ALP positive) were markedly reduced within 

the tumors of Apcmin/+; Setd2ΔIEC mice, whereas the tumors lacking 

SETD2 were more heavily populated with CD44-positive progeni-

tor cells (Figure 4B).

Interestingly, GSEA revealed that SETD2-mediated genes 

resemble the Wnt-responsive gene signature. As indicated in Fig-

ure 4A, genes upregulated by Wnt stimulation were enriched in the 

set of genes that were upregulated in response to SETD2 depletion, 

suggesting an inverse relationship between SETD2 and Wnt pathway 

activity. As summarized by heat map, RT-qPCR analysis verified that 

expressions of Wnt-responsive genes such as Axin2, Fzd7, Apcdd1, 

Sox9, and Myc were upregulated in SETD2-depleted intestines (Fig-

ure 4C). To determine whether this regulation is cell autonomous, 

we depleted SETD2 in HCT116 cells and found that SETD2 silenc-

ing sensitized cells to Wnt3a stimulation, as reflected by the signifi-

cantly increased expression of Wnt-induced target genes (Figure 

4D). In agreement with the enhanced Wnt signaling in the absence 

of SETD2, RNAscope in situ hybridization assay detected a signifi-

cantly increased number of Olfm4-positive stem cells within the 

crypts of Apcmin/+; Setd2ΔIEC mice (Figure 4E). Likewise, immunos-

taining of CD44 and SOX9 revealed the expansion of transampli-

fied or progenitor zones within intestinal crypts of Apcmin/+; Setd2ΔIEC 

mice compared with those of Apcmin/+ mice (Figure 4F). Similarly, 

Wnt-mediated Paneth cells were observed to be mislocalized away 

from the home of the crypt (Figure 4G). In addition, we also mea-
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Figure 3. Setd2 inactivation potentiates 

tumor malignance in an Apcmin/+ mice 

model. (A and B) Western blot (A) and 

immunohistochemical staining (B) of the 

indicated proteins in small intestines of 

WT and Setd2ΔIEC mice. (C) H&E staining of 

representative Swiss roll of small intestines 

of 10-month-old mice. (D) Kaplan-Meier 

survival plots of Apcmin/+ and Apcmin/+; 

Setd2ΔIEC mice as indicated (n = 12) (log-

rank test). (E) Macroscopic image, tumor 

number, and tumor load from the small 

intestines of 14-week-old mice as indicated 

(n = 12); 2-tailed Student’s t test. (F) 

Histogram showing the size distribution of 

tumors from 14-week-old mice as indicated 

(n = 11; χ2 test). (G and H) H&E images 

(G) and phospho-H3, cleaved caspase 3 

staining (H) of the representative small 

intestines from 14-week-old Apcmin/+ and 

Apcmin/+; Setd2ΔIEC mice. Arrowhead denotes 

the discontinuous muscle layer due to the 

invasion of tumor cells. (I) Western blot of 

the indicated protein from small intestine 

lysates. Blot images are derived from 

replicate samples run on parallel gels. Scale 

bars: 50 μm (B, G, H, lower panel); 1 mm (C, 

G, upper panels); 1 cm (E). 
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Figure 4. SETD2 loss stimulates Wnt-induced transformation and stemness programs. (A) GSEA enrichment plots of differentially expressed genes 

belonging to stem/progenitor, differentiation, and Wnt signaling associated with SETD2 downregulation. (B) PAS, ALP, and CD44 staining in intestinal 

tumors from 14-week-old Apcmin/+ and Apcmin/+; Setd2ΔIEC mice. (C) Heat map summarizing the RT-qPCR results comparing the expression of Wnt target 

genes in the intestine from 14-week-old mice as indicated. (D) RT-qPCR analysis of Wnt target genes in control and SETD2-knockdown HCT116 cells treated 

with Wnt3a. Statistical comparisons were made using a 2-tailed Student’s t test. (E and F) In situ hybridization of stem cells with Olfm4+ (E) and immu-

nostaining of the progenitor cells (CD44 and SOX9 positive) (F) from intestine sections as indicated. (G and H) Staining of lysosome and β-catenin in the 

adjacent normal and tumor parts of intestine sections as indicated. Scale bars: 50 μm. *P < 0.05; **P < 0.01.
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Figure 5. SETD2 depletion promotes intestinal regenera-

tion and self-renewal. (A) H&E staining of small intestinal 

sections 3 and 5 days after WBI (10 Gy). (B) The lengths of 

villus were quantitated in at least 6 fields of small intes-

tinal sections from WT and Setd2ΔIEC mice (n = 9). (C) Gene 

expression analysis of small intestine during regeneration 

(days 0 and 3), as indicated. (D) Organoid morphology 

(left) and quantification of size or differentiation after 6 

days of culture (right). Size differences were calculated 

by Student’s t test, and differentiation was measured by 

sprouting per organoid (Fisher’s exact test, P < 0.001). (E 

and F) Phospho-H3, β-catenin, and lysozyme whole-mount 

staining (E) and gene expression analysis (F) of organoid 

derived from Apcmin/+ and Apcmin/+; Setd2ΔIEC mice (n > 4). 

Statistical comparisons in B, C, and F were made using a 

2-tailed Student’s t test. *P < 0.05; **P < 0.01. Scale bars: 

50 μm (A); 400 μm (D and E).
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did not affect the IR events of genes influenced by SETD2 (e.g., 

DVL2, JAG1, and SIRT7) (Supplemental Figure 4B), suggesting that 

it is unlikely MRG15 is involved in SETD2-mediated IR. Interest-

ingly, ChIP analysis using antibodies specific for Pol II and Ser2- 

phosphorylated Pol II revealed that SETD2 depletion led to an 

enrichment of elongated Pol II at the intron-retained locus of 

Ephb3, Jag1, Cdk4, and Cdk16, but not Sirt7 (Figure 6G). Among a 

total of 8 genes examined, there were 5 genes displaying the pause 

of the Pol II elongation rate within the intron-retained locus. These 

results suggested that slower transcription elongation upon SETD2 

depletion might facilitate the removal of intron. Such a kinetic 

model has been shown as one of the mechanisms for regulating 

cotranscriptional splicing (11, 29–31). A similar analysis was con-

ducted to examine SE (Eif5a, Ehmt2, and Smurf2) and MXE (Pkm2, 

Tpm1, and Epn1), and we showed that Setd2 ablation affected SE 

and MXE types of AS as well (Supplemental Figure 4, C and D). 

Together, our results indicate that SETD2 regulates RNA splicing, 

which might contribute to intestinal tumorigenesis.

SETD2 loss augments Wnt signaling through regulating NMD- 

coupled AS of DVL2. Having demonstrated that SETD2 modu-

lated AS, we asked whether these affected genes could explain 

enhanced Wnt signaling in the absence of SETD2. As such, clas-

sical T cell factor (TCF) reporter assay was performed in HCT116 

cells. As shown in Supplemental Figure 5A, the level of β-catenin–

driven transcription activity, measured by the TOP/FOP luciferase  

reporter ratio, was compromised in SETD2-overexpressing 

HCT116 cells. Conversely, depletion of SETD2 enhanced luciferase 

activity in response to Wnt3a stimulation. Interestingly, we noticed 

that β-catenin protein and nonphosphorylated β-catenin (active  

β-catenin) were significantly upregulated in SETD2-silencing cells 

without any change in mRNA (Figure 7A). Consistent with the 

enhanced nuclear accumulation of β-catenin (Supplemental Figure 

5, B and C), reduced polyubiquitination of β-catenin was observed 

in HCT116 cells depleted with SETD2 (Figure 7B). Collectively,  

the above results prompted us to investigate whether the pro-

tein stability was governed by SETD2. Time-course experiments 

revealed that depletion of SETD2 in cells augmented β-catenin 

stability, whereas MG132 treatment attenuated the destruction of  

β-catenin protein (Supplemental Figure 5D), indicating SETD2 

regulates β-catenin stability through 26S proteasome. To further 

substantiate this notion, we treated the cells with lithium chloride 

(LiCl) to inhibit the destruction complex of β-catenin and observed 

that Wnt signaling in control and SETD2-silencing cells was com-

parable (Supplemental Figure 5E), suggesting that SETD2 modu-

lates Wnt signaling through regulation of β-catenin stability.

Focusing on the potential candidates implicated in Wnt signal-

ing, we noticed that Dvl2 was listed as the top candidate, showing 

the reduced IR of its intron 2 and displaying significantly fewer 

H3K36me3 modifications upon Setd2 deletion. DVL-mediated 

coclustering of FRZ, LRP6, AXIN, and associated kinases at the 

plasma membrane triggers phosphorylation of the LRP6, thereby  

promoting β-catenin stabilization. In addition, DVL also plays 

a pivotal role in the nucleus by mediating the formation of the  

β-catenin/TCF transcriptional complex in conjunction with c-Jun, 

which is required for Wnt/β-catenin signaling (26, 32–34). Given the 

importance of DVL in the regulation of Wnt signaling, we performed 

RT-PCR analysis and confirmed that Dvl2 pre-mRNA without  

cant alterations of AS in SETD2-deficient intestine versus controls. 

Interestingly, many of the affected genes were part of recognized 

cancer-associated pathways (e.g., Sirt7, Cdk4, Cdk7, Rab1a, and 

Lkb1) or were key signaling components (e.g., Dvl2, Smurf2, Ephb3, 

and Jag1). Specifically, there were 279 genes with intron retention 

(IR) (39.2%) AS events, 198 with exon skipping (SE) (27.8%), and 

161 with mutually exclusive exons (MXE) (22.8%). Interestingly, 

238 out of 279 STED2-influenced IR genes (81.8%), displayed the 

reduced IR in the absence of SETD2 (Figure 6A). Likewise, 136 out 

of 198 STED2-influenced SE genes (68%) exhibited an increase 

of exon inclusion, whereas MXE showed no preferences for exon 

utilization (Figure 6A). These results implied that loss of SETD2 

or H3K36me3 within the chromatin facilitates the production of 

intron-loss or exon-inclusion transcripts in mouse intestine.

To further understand the underlying mechanisms, we con-

ducted ChIP sequencing (ChIP-Seq) to analyze the genomic  

distributions of H3K36me3 in control and SETD2-deficient 

compound mice. When comparing ChIP-Seq intervals in con-

trol and SETD2-deficient intestine, 6,899 genes displayed more 

than 2-fold reductions of H3K36me3 modifications upon Setd2 

ablation, and the altered density of H3K36me3 intervals (Setd2 

KO versus control) were mainly localized within gene bodies 

(Supplemental Figure 3C). Next, we correlated the AS events 

with SETD2 genomic occupancies and identified that there were 

a total of 368 out of 771 (51.8%) genes exhibiting dysregulated 

AS and the reductions of H3K36me3 modifications after SETD2 

depletion. Of note, the overlapping genes were more likely to 

exhibit the reduction of H3K36me3 within the gene body and 

not within promoters and/or intergenic regions (Figure 6B), 

highlighting the mechanistic link between lower intragenic  

H3K36me3 levels and AS. Of note, we found no association 

between intron length and IR ratio in the presence or absence 

of SETD2 (Supplemental Figure 3D). The H3K36me3 codes for 

the representative overlapping genes are presented in Figure 6C 

(taken from the ChIP-seq data).

As IR, SE, and MXE represented the most AS changes influ-

enced by SETD2, we further validated the sequencing results by 

RT-qPCR assays. Results showed less intron inclusions for Ephb3, 

Sirt7, Jag1, and Cdk4 genes in SETD2-deficient intestinal epithelial  

cells (IECs) as compared with controls, whereas β-actin served 

as the control, displaying no appreciable differences (Figure 6D). 

Overall, we detected significant differences of IR in all cases (8 

genes examined). Intron-retaining transcripts often contain pre-

mature stop codons to elicit NMD, resulting in decreased levels 

of mRNA (28). In line with this notion, the heat map summarizes  

the IR-related genes and shows their expressions were largely 

upregulated in SETD-deficient IECs (Supplemental Figure 4A). 

Similarly, RT-qPCR analysis of preselected genes showed that 

EphB3, Sirt7, Jag1, and Cdk4 mRNA were increased in the intestinal 

epithelium lacking Setd2 (Figure 6E). To demonstrate the involve-

ment of SETD2 and H3K36me3 histone marks in this molecular 

event, we performed ChIP-qPCR analyses to compare H3K36me3 

occupancies in the IR locus of Ephb3, Sirt7, Jag1, and Cdk4 genes. 

Indeed, SETD2 loss eliminated H3K36me3 modifications in the 

IR regions (Figure 6F), supporting a direct involvement of SETD2. 

Though MRG15 has been shown to modulate AS by recognizing 

H3K36me3, we found that depletion of MRG15 in HCT116 cells 
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that enhancement of IR for DVL2 largely diminished the growth 

advantage elicited by SETD2 loss (Figure 7G). These results 

suggested that SETD2 exerts its tumor-suppressive role largely  

dependent on the regulation of DVL2 splicing. Similar results 

were obtained in GEMs, that is, SETD2 loss led to increased 

DVL2 expression and thus upregulated Wnt activity, as evidenced 

by the enhanced phospho-LRP6 levels and nuclear accumulation 

of DVL2 and β-catenin from Apcmin/+; Setd2ΔIEC mice (Figure 7, H 

and I). The clinical relevance of DVL2 and SETD2 was substanti-

ated by patient specimen analysis. We showed that DVL2 mRNA 

levels were negatively correlated with SETD2 transcripts in col-

orectal tumors (Supplemental Figure 6I). Collectively, our results 

indicate that SETD2 loss induces DVL2 mRNA expression and  

thereby leads to hyperactivation of Wnt signaling.

SETD2 loss aggravates Wnt/β-catenin–dependent CRC pro-

gression. To clarify whether SETD2 loss–mediated tumorigenesis 

is dependent on hyperactivation of Wnt signaling, we silenced 

β-catenin in HCT116 cells and found that depletion of β-catenin 

in SETD2-deficient cells compromised oncosphere growth to an 

extent similar to that seen with control cells (Supplemental Fig-

ure 7A). Conversely, knockdown SETD2 in constitutively active  

β-catenin overexpression cells did not further enhance anchorage- 

independent growth as compared with β-catenin overexpres-

sion cells (Supplemental Figure 7B). Together, these results  

highlighted that SETD2 exerts its tumor-suppressive function  

in a manner largely dependent on Wnt signaling. To further sub-

stantiate this notion, we performed an intrasplenic injection of 

metastatic assay to clarify the functional relevance of SETD2 

and Wnt signaling in CRC. To achieve this, HCT116 cells sta-

bly expressing luciferase were injected and spleen was resected 

2 minutes after injection to avoid the primary lesion effect. As 

measured by bioluminescent imaging, overexpression of con-

stitutively active β-catenin or depletion of SETD2 enhanced the 

distal colorizations of colorectal tumor cells within the liver 1 

month after inoculation (Figure 8, A and B). More importantly, 

depletion of SETD2 did not further enhance metastasis induced 

by β-catenin overexpression alone (Figure 8, A and B). Similarly, 

the bioluminescent imaging results could be confirmed by the 

macroscopic image and H&E staining of metastatic lesions in 

liver (Figure 8C and Supplemental Figure 7C). Finally, the func-

tional relevance between SETD2 and β-catenin signaling could 

be illustrated by transcriptomic signature analysis in patients. 

There was a significant and negative correlation among SETD2, 

β-catenin, LGR5, and ISCs and progenitor signature in colorectal 

tumors (using data sets from NCBI’s Gene Expression Omnibus 

[GEO] GSE35982 and GSE17538; Figure 8D). Collectively, our 

results highlight that SETD2 promotes CRC progression in a man-

ner largely dependent on Wnt/β-catenin signaling.

Discussion
Intestinal tumorigenesis is thought to originate from ISCs and 

requires multiple subsequent mutations in the genes implicated in 

cell growth, differentiation, and survival. ISCs require the Wnt sig-

nal for its self-renewal and differentiation; however, an uncontrolled 

Wnt pathway leads to the expansion of stem or progenitor cells 

and aberrant lineage decisions (23, 36). Several studies have linked 

H3K36 methylation to abnormal differentiation or proliferation. As 

intron 2 was profoundly increased in SETD2-deficient intestines 

(Figure 7C). ChIP-qPCR analysis verified that Setd2 ablation dimin-

ished H3K36me3 modifications within the IR areas of the Dvl2 gene 

locus (Supplemental Figure 6A), indicating a direct involvement of 

SETD2 in regulating the processing of DVL2 pre-mRNA. In agree-

ment with the results shown in Figure 6G, ChIP-qPCR analysis 

using antibodies specific for Pol II–phosphorylated CTD at Ser2, an 

elongating form of Pol II as well as total Pol II, revealed that SETD2 

depletion led to paused Pol II at the intron-retained locus of Dvl2 (Fig-

ure 7D). These results suggested that slower transcription elongation 

upon SETD2 depletion might facilitate the removal of intron 2.

We noticed that the intron 2–containing DVL2 transcript carries 

a premature stop codon in intron 2, suggesting that this transcript 

is potentially subjected to NMD regulation. To confirm SETD2- 

mediated DVL2 expression through NMD, we used siRNA to knock 

down UPF1, which is a central factor in NMD. Depletion of UPF1 

in HCT116 cells led to the increase of intron-retained transcripts of 

DVL2 (Figure 7E), indicating that the DVL2 transcript with intron 2 is 

indeed subjected to NMD. In line with this notion, Dvl2 mRNA was 

profoundly increased in SETD2-deficient intestines (Supplemental 

Figure 6B). Similarly, SETD2 depletion increased DVL2 expression 

in CRC cells, whereas overexpression of SETD2 in HCT116 cells 

reduced its expression (Supplemental Figure 6, C and D). We also 

detected the enhanced or reduced nuclear accumulation of DVL2 in 

SETD2-depleted and -overexpressed cells (Supplemental Figure 6, 

E and F). Of note, we did not see the decrease of nuclear β-catenin 

in SETD2-overexpressed cells (Supplemental Figure 6F), which is 

presumably due to the compensatory role of DVLs in cell cultures. 

Together, our data reveal that SETD2 depletion increases DVL2 

mRNA expression through NMD-coupled AS regulation.

We hypothesized that the upregulation of DVL2 in the absence 

of SETD2 led to the increase of both stabilization and transcrip-

tion activity of β-catenin and thereby augmented Wnt signaling. 

To clarify this issue, we depleted DVL2 expression in SETD2- 

knockdown cells. As reflected by the expression of Wnt targets, 

reduced DVL2 expression in SETD2-silencing cells diminished 

Wnt activity and oncosphere formation to levels similar to those of 

control cells (Supplemental Figure 6, G and H). More importantly,  

to directly assess the functional dependence between DVL2 IR 

and SETD2 effects in tumorigenesis, we utilized antisense oli-

gonucleotide (splicing switching oligonucleotide [SSO]) (35) to 

induce intron 2 retention of DVL2 in SETD2-deficient cells (Fig-

ure 7F). As indicated by the number of oncospheres, we showed 

Figure 6. SETD2 regulates cancer-associated AS in Apcmin/+ mice. (A) Pie 

graph summary of AS in SETD2 KO mice versus control mice. (B) Venn dia-

gram indicates that altered AS genes (gray) preferably exhibited the decrease 

of H3K36me3 codes within gene bodies in comparison with the promoter and 

intergenic regions (P < 0.001; χ2 test). (C) Snapshot of H3K36me3 ChIP-Seq 

signal at the represented gene locus in control and Setd2-knockout mice. (D 

and E) Knockout of Setd2 in intestinal epithelium causes a decrease of IR (D) 

and an increase of mRNA levels of the indicated genes (E). Primers for exam-

inations of IR are indicated by the arrows. (F) H3K36me3 codes in the areas 

of IR-related genes in the IECs of Apcmin/+ and Apcmin/+; Setd2ΔIEC mice. (G) 

ChIP-qPCR analysis of total Pol II and Ser2-phosphorylated Pol II enrichments 

in the IR gene locus, as indicated by number in control and SETD2-deficient 

Apc-mutated IECs. Statistical comparisons in E–G were made using a 2-tailed 

Student’s t test. *P < 0.05; **P < 0.01.
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Figure 7. SETD2 counteracts Wnt/β-catenin 

pathway through regulation of NMD-coupled 

splicing of DVL2 pre-mRNA. (A) Western blotting 

analysis (left) and RT-qPCR analysis (right) of the 

indicated genes in control and SETD2-knockdown 

HCT116 cells. Cytomembrane-free lysate was 

used to examine active β-catenin. (B) Western 

blotting analysis of the indicated protein and 

immunoprecipitates derived from HCT116 cells. 

Blot images are derived from replicate samples 

run on parallel gels. (C) RT-PCR analysis of Dvl2 

splicing patterns in IECs as indicated. Upper band: 

intron-retained transcripts. The average percent-

ages of IR are shown. (D) ChIP-qPCR analysis of 

Pol II and Ser2-phosphorylated Pol II enrichments 

in the Dvl2 gene locus, as indicated by number in 

control and SETD2-deficient Apc-mutated IECs. 

(E) RT-PCR analysis of DVL2 splicing patterns in 

control and SETD2-knockdown HCT116 cells with 

or without UPF1 knockdown. (F and G) Control and 

SETD2-knockdown HCT116 cells transfected with 

control or SSO. SSO oligonucleotide target against 

3′ splicing site of intron 2 of DVL2. (F) RT–PCR 

analysis of DVL2 mRNA and the average percent-

ages of IR are shown. (G) Oncosphere formation 

of the cells as indicated. Quantitation results are 

shown in the right panel. *P < 0.05; **P < 0.01. 

(H) Western blot analysis of the small intestine 

lysates from Apcmin/+ and Apcmin/+; Setd2ΔIEC mice. 

(I) Examination of the indicated protein in cyto-

plasm and nucleus lysates from Apcmin/+ and  

Apcmin/+; Setd2ΔIEC mice. Primers used for exam-

ination of IR are indicated by arrows. Scale bars: 

1 mm. Statistical comparisons in D and G were 

made using a 2-tailed Student’s t test
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H3K36me3-mediated recruitment of DNMT3b to the gene bod-

ies inhibits spurious transcription initiation (9), implying a pos-

sible mechanism for SETD2 loss eliciting abnormal transcripts 

in cancer cells. As H3K36 trimethylation levels differ based on 

exon utilization (57–59), several investigations have implicated  

H3K36me3 in alternative splice site choice (10–14). Studies show 

that altering SETD2 levels influences the inclusion of exons in 

Fgfr2 genes, indicating that H3K36me3 influences the recruit-

ments of splicing factors (MRG15 and PTB) (14). Likewise,  

siRNA knockdown of SETD2 in 293T cells results in significant 

AS alterations (12). In Apc-mutated IECs, we also demonstrated 

that Setd2 modulated NMD-coupled splicing of Dvl2. Our results 

indicate that slower transcription elongation upon SETD2 deple-

tion is one of mechanisms for facilitating the removal of intron. 

However, whether and how this modification directs the changes 

in splicing remains largely unclear. Chromatin structure and his-

tone modifications have been inferred as affecting AS through 2 

models, the kinetic model and the recruitment model (11, 29–31). 

It is notable that these 2 models are not mutually exclusive, as his-

tone modifications recruit chromatin-modifier enzymes that alter 

RNAPII elongation, and some histone modifiers or readers asso-

ciate with RNAPII to affect transcription elongation. We believe 

that further dissection of SETD2-mediated histone modification 

and its interaction with specific binding partners (reader) will 

improve the understanding of how SETD2 influences AS.

Interestingly, our results indicate that IR represents the most 

altered AS events in Setd2-deficient intestine. These results are 

consistent with studies showing that histone reader BS69 specif-

ically recognizes that SETD2 catalyzes H3.3K36me3 and its deple-

tion primarily leads to intron exclusion in an H3K36me3-dependent 

manner (13). Since IR has been shown to be a mechanism of tumor- 

suppressor inactivation (60), it is of importance to further deter-

mine how AS is regulated by histone modifications, which will shed 

insights on the role of SETD2 in the regulation of splicing as well as 

tumorigenesis. Present studies also indicated that SETD2 loss results 

in the accumulation of DVL2 mRNA expression through NMD- 

coupled AS regulation. As indicated by the previous study, about 

35% of AS genes are predicted to be subject to NMD, and this per-

centage is even higher for IR events (61). As a proof of principle, we 

used siRNA to knock down UPF1 and showed that depletion of UPF1 

in HCT116 cells led to the increase of intron-retained transcripts 

of SIRT7 and JAG1, but not EPHB3 (Supplemental Figure 8). Thus, 

DVL2 is not the only gene affected by NMD upon SETD2 depletion.

In summary, our findings highlight the suppressive roles of 

SETD2 in Wnt signaling, intestinal regeneration, and CRC, with 

potential implications for disease intervention. In addition, our 

results establish a role for SETD2- or H3K36me3-mediated AS in 

intestinal tumorigenesis and may guide the understanding of devel-

opment and progression of other human disorders associated with 

SETD2 deficiency.

Methods
For expression plasmids, shRNA, cell cultures, IEC isolation, immuno-

histochemistry, organoid culture, RT-qPCR, ChIP-qPCR, and primers 

(Supplemental Tables 2 and 3), see Supplemental Methods.

Animal experiments. All mice were maintained in a specific  

pathogen–free facility. SETD2-floxed mice were generated by Shang-

reported, SETD2 loss impairs ES cell differentiation (37) and expres-

sion of H3.3 mutants that inhibit H3K36 methylation compromises 

the differentiations of chondrocytes and mesenchymal progenitor 

cells (38, 39). The Wnt pathway involves various feedback loops that 

balance the opposing processes of cell proliferation and differenti-

ation. Studies indicate that, even in the presence of heterozygous- 

activating mutations downstream of the FRZ receptor, mutation- 

driven Wnt-signaling activation can be further enhanced in  

APCmin/+ mice and cells (40–45). Our results highlighted that SETD2 

fine-tuned Wnt signaling to safeguard ISCs or progenitor cells in 

the intestine, whereas downregulation facilitated inherently more 

proliferative and progenitor traits in ISCs in the Apc-mutated back-

ground (Figure 8E). Of note, though our results indicated that SETD2 

exerted its function in a manner largely dependent on canonical Wnt 

signaling, several other key signaling regulators (e.g., JAG1, LKB1, 

SIRT7, and PKM2) were altered in the absence of SETD2. Thus,  

other signaling pathways might also contribute to SETD2’s impact 

on intestinal tumorigenesis and regeneration.

Mutation and deletion in the SETD2 gene have been reported  

in several malignancies; however, the roles of SETD2 loss in cancer 

development have not been well established. In a very recent study, 

SETD2 is shown to inhibit lung cancer initiation and progression 

using a CRISPR-based virus infection approach (46). Here, we took 

advantage of GEMs and established SETD2 as a negative regulator 

of Wnt signaling to control excessive stem/progenitor cell prolifer-

ation during tissue regeneration and tumorigenesis. Mechanistic 

studies revealed that SETD2 loss upregulated DVL2 expression 

despite the mutated destruction complex, emphasizing the impor-

tance of SETD2 for controlling Wnt signaling, IEC proliferation, and 

CRC (Figure 8E). DVL is required for LRP6 phosphorylation (47, 48), 

which is essential for subsequent steps of signal transduction, such as 

Axin recruitment and cytosolic β-catenin stabilization. In addition, 

nuclear DVL cooperates with c-Jun to regulate gene transcription 

stimulated by the canonical Wnt-signaling pathway (26, 32–34). The 

present study proposes that SETD2 loss leads to upregulated DVL2 

expression, which results in the increase of both stabilization and 

transcription activity of β-catenin and consequently overrides the 

threshold of Wnt signaling to facilitate tumor malignance (Figure 8E). 

Though Dsh homologues (DVL1, -2, and -3) exhibit the redundant 

roles for regulation of Wnt signaling in the cell culture model, Dvl- 

knockout mice exhibit the distinct phenotypes (49, 50), possibly 

due to their restricted expressions in vivo. Of note, a previous report 

determined that DVL2 loss protects against tumor development by 

reducing Wnt signaling in Apcmin/+; Dvl2ΔIEC mice (51), suggesting a 

nonredundant function of DVL2 for tumorigenesis in Apcmin/+ mice. 

In addition, we noticed that several Wnt regulators, including WNK2, 

LKB1, β-arrestin 2, and RAF1, were altered in the absence of SETD2 

(52–55). For instance, β-arrestin 2 is essential for the initiation and 

growth of intestinal tumors displaying elevated Wnt pathway activity 

in Apc-mutated mice (54), and WNK2 also stimulates the Wnt sig-

nal through regulation of β-catenin stability (52). Thus, we cannot 

completely rule out the possibility that, in addition to our findings, 

SETD2 might also act on different Wnt pathway components to fine-

tune Wnt signals during intestinal regeneration and tumorigenesis.

SETD2-catalyzed H3K36me3 is associated with transcrip-

tion elongation, AS, and mRNA export (5, 30, 56). Similarly to 

studies in yeast, recent studies in mouse ES cells revealed that 
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Figure 8. SETD2 loss aggravates Wnt/β-caten-

in–dependent CRC progression. (A) Western blot 

analysis of the indicated protein (left) and the 

representative bioluminescence images for tumor 

metastasis to the liver in control and SETD2-KD 

HCT116 cells with or without active β-catenin over-

expression (right panel). Blot images are derived 

from replicate samples run on parallel gels. (B) 

BLI quantitation of liver metastasis calculated by 

means ± SEM of bioluminescent signals is shown 

(n = 6); 2-tailed Student’s t test. **P < 0.01. (C) 

Macroscopic images of HCT116 metastasis to liver. 

(D) Correlations (by Pearson’s) between SETD2 sig-

nature, β-catenin signature, LGR5 signature, SCs, 

and progenitor signature within CRC specimens 

(GEO GSE35982 and GSE17538) are shown. Yellow, 

high-signature scoring; blue, low-signature scor-

ing. (E) Model of SETD2 in colorectal tumorigene-

sis. SETD2 fine-tunes Wnt/β-catenin signaling to 

safeguard intestinal self-review and differentia-

tion largely through modulation of IR and NMD of 

DVL2 pre-mRNA. Scale bars: 1 cm.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 3 8 9jci.org   Volume 127   Number 9   September 2017

generated by Illumina sequencing were mapped to the genome using 

the BWA algorithm with default settings. Analysis of SICER data with 

an FDR cut-off for significance of 1 × 10–10 identified 15,037 intervals 

(control) and 17,847 intervals (SETD2-KO) over input control. Average 

of peak values of all active regions in the gene and within the gene 

margin were used to calculate the differentially enriched genes.

Splicing assay. Total RNA was subjected to genome DNA (gDNA) 

eraser treatment for 5 minutes, followed by reverse transcription 

using random primers for each sample (Takara, PrimeScript RT 

Reagent Kit with gDNA Eraser). For IR analyses, cDNA samples were 

subjected to real-time qPCR analyses with primers designed for the 

retained introns (In) and the adjacent exons (All); the IR ration (inclu-

sive %) was calculated as 100% × 2[Ct(All) – Ct(In)], where Ct represents 

the cycle value determined by real-time PCR. The PCR products for 

retained intron were analyzed by gel electrophoresis and quantitated  

by Kodak Image Station 4000R, the IR ratios were calculated as 

Intensity
(Inclusive)

/[Intensity
(Inclusive)

 + Intensity
(Exclusive)

. For ES analyses, 

the same cDNA samples were subjected to real-time qPCR amplifi-

cation with primers corresponding to the alternatively spliced exons 

(SE) and adjacent exons (All); the SE ratio was calculated by the fol-

lowing formula: % Inclusive = 100% × 2[Ct(All) – Ct(Se)], and the values 

were normalized to the control groups. A similar assay was used for 

MXE analyses.

GSEA analysis. The ISCs and progenitor signature that contained 

367 significantly highly expressed genes in colon crypt compared with 

colon top was derived from GEO GSE6894 (64). The Pece Mammary 

Stem Cell up signature was derived from KEGG c2.all.v5.2. Intestine 

late transit-amplifying markers were from Grimm et al. (65). The Wnt- 

positive regulated genes in crypt signatures, derived from Fevr et al. 

(66), contained 557 downregulated genes in intestinal crypt cells upon  

deletion of β-catenin. Genes were ranked by “differ of classes,” and 

permutation type was “gene set” and other sets using the GSEA default  

(P < 0.05 and q < 0.25).

Analysis of SETD2, β-catenin, LGR5, and SC progenitor signatures 

in human colon cancer patients. Analysis in human tumor data sets 

was carried out essentially as previously described (62). The SETD2 

gene signature was derived from our own gene expression profile 

data set. The β-catenin signature was derived from Fevr et al. (66), 

and the LGR5 gene signature was from GEO GSE46200, in which 

normal mouse colons were flow-sorted into Lgr5 high and low cells 

before gene expression was measured. The SCs and progenitor sig-

natures were derived from GEO GSE6894 (64), which contained 

367 significantly highly expressed genes in colon crypt compared 

with colon top. In order to define the degree of gene signature mani-

festation within profiles from external human colon tumor data sets 

(e.g., GEO GSE35982), we used the previously described t score 

metric (62, 67), which was defined for each external profile as the 

2-sided t statistic comparing the average of the SETD2-induced 

genes with the average of the SETD2-repressed genes (genes within 

the human tumor data set were first centered to SD from the median 

of the primary tumor specimens). For a given data set, the t score 

contrasted the patterns of the SETD2-induced genes with those of 

the SETD2-repressed genes to derive a single value denoting coor-

dinate expression of the 2 gene sets.

Clinical outcome analysis. Tissue microarray data and clinical 

information were used for analyses (Supplemental Table 1). The pre-

dictive value of age, sex, stage, TNM status, differentiation status, 

hai Biomodel Organism Co. using conventional homologous recom-

bination in ES cells (provided by Li Li, Shanghai Jiao Tong University, 

Shanghai, China), and the targeting strategy is indicated in Supple-

mental Figure 1A. The Apcmin mice and VillinCre/+ mice were from The 

Jackson Laboratory. All mice were maintained on a C57BL/6 back-

ground. For intraspleen injection, male nude mice were injected with 

106 HCT116 cells, and tumor formation was monitored by BLI using a 

NightOWL II LB 983 Imaging System (Berthold).

Human specimen analysis and immunohistochemical analysis of human 

tissue microarrays. Biospecimens confirmed by 2 independent patholo-

gists were collected from patients with CRC undergoing surgical resec-

tion. Tissue RNA or protein was also prepared from the biopsies for anal-

ysis of human SETD2 transcript levels in tumor and normal counterparts. 

Tissue microarrays used in this study included 168 CRC and 48 normal 

specimens. Briefly, clinical parameters of 168 colon cancer patients were 

collected, including age, sex, stage, pathological diagnosis, differentiation 

status, TNM status, and follow-up events (recurrence and metastasis). 

None of the patients underwent preoperative chemotherapy or radiation 

therapy prior to surgery. Immunohistochemical analyses were performed 

as described (62), using anti-SETD2 antibody (generated by Ango Tech-

nology). The specificity of this antibody was prevaluated by Setd2-KO 

mice and SETD2 knockdown cells. Samples were scanned using a Bliss 

automated slide scanner to generate high-resolution digital images. The 

expression of protein was scored and quantified by a pathologist (J. Peng) 

blinded to the outcome of the cases. Basically, the quantified method was 

based on a multiplicative index of the average staining intensity (from 0 

to 3) and extent of staining (from 0 to 3) in the cores, yielding a 10-point 

staining index, so that the staining index ranged from 0 (no staining) to 9 

(extensive, strong staining).

WBI. Eight-week-old mice underwent 10-Gy WBI using a Shep-

herd 137Cs-ray irradiator at a dose rate of 4.21 Gy/minute. The num-

ber and length of regenerating villi were quantified (24 fields per geno-

type using ×20 magnification) after H&E staining of paraffin sections 

(6 animals per group).

RNA-Seq and AS analysis. Intestinal mRNA was obtained from 

2-month-old Apcmin/+ and Apcmin/+; Setd2ΔIEC mice, and each RNA sam-

ple combined a mixture of RNA from 3 animals. RNA was subjected 

to Hi-Seq and PE100 (deep sequencing for AS) performed by BGI 

Tech Solutions Co. Gene expression levels were quantified by the soft-

ware package RSEM (https://deweylab.github.io/RSEM/). The list of 

significance was determined by setting a false discovery rate (FDR) 

threshold at a level of 0.05 and a P value of less than 0.05. All differen-

tially expressed gene lists generated were subsequently analyzed for 

enrichment of biological themes using the DAVID bioinformatics plat-

form (https://david.ncifcrf.gov/) and the Ingenuity Pathways Analysis 

program (http://www.ingenuity.com/index.html). For AS analysis, we 

mapped RNA-Seq reads to mouse transcripts (Ensembl, release 65) 

and genome (mm9) using TopHat2 (63), allowing 2-bp mismatches per 

25-bp seed. rMATS.3.0.9 (27) was used to identify 22,205 regulated  

differential AS events corresponding to all 5 types of AS patterns. 773 

AS genes (P < 0.05, q < 0.2) were identified with significant difference 

between Setd2 knockout and control.

ChIP-Seq assay and data analysis. We conducted ChIP-Seq using 

the intestines from 2-month-old control Apcmin/+ and Apcmin/+; Setd2ΔIEC 

mice (each sample contained 4 animals). The chromatin was prepared 

and followed by ChIP-Seq analysis by Active Motif Inc. using the anti-

body against H3K36me3 (Active Motif). The 75-nt sequence reads 
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Hospital. The study was approved by the ethics committee of the 

Shanghai Tenth People’s Hospital (SHSY-IEC-pap-16-24). All cell 

lines used are available at ATCC.
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the coefficients of the individual factor.
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all the genes in the signature was used to represent the signature score for 

each sample profile. For all statistical tests, a P value of less than 0.05 was 

considered significant.
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