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Abstract

Wnt/β-catenin signaling activates the transcription of target genes to regulate stem cells and cancer 

development. However, the contribution of epigenetic regulation to this process is unknown. Here, 

we report that Wnt activation stabilizes the epigenetic regulator KDM4C that promotes 

tumorigenesis and survival of human glioblastoma cells by epigenetically activating the 

transcription of Wnt target genes. KDM4C protein expression was upregulated in human 

glioblastomas and its expression directly correlated with Wnt activity and Wnt target gene 

expression. KDM4C was essential for Wnt-induced gene expression and tumorigenesis of 

glioblastoma cells. In the absence of Wnt3a, protein kinase R phosphorylated KDM4C at Ser918, 

inducing KDM4C ubiquitination and degradation. Wnt3a stabilized KDM4C through inhibition of 

GSK3-dependent protein kinase R activity. Stabilized KDM4C accumulated in the nucleus and 

bound to and demethylated TCF4-associated histone H3K9 by interacting with β-catenin, 
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promoting HP1γ removal and transcriptional activation. These findings reveal that Wnt-KDM4C-

β-catenin signaling represents a novel mechanism for the transcription of Wnt target genes and 

regulation of tumorigenesis with important clinical implications.
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Introduction

The Wnt/β-catenin signaling pathway is a highly conserved signaling cascade that controls 

embryonic development, adult tissue homeostasis, and cancer development (1). Wnt 

signaling stabilizes β-catenin, which enters the nucleus and forms a complex with TCF/

LEF-1 transcription factor in the TCF-binding elements (TBEs) of Wnt target gene 

promoters, leading to gene transcription (2,3). Gene transcription requires chromatin 

remodeling to create a transcription activation state that allows genomic DNA to access the 

regulatory transcription factors. However, the underlying molecular mechanisms by which 

Wnt signaling recruits chromatin remodeling complexes to create a transcription activation 

state remain elusive.

KDM4C, a JmjC histone demethylase, was originally identified as a “gene amplified in 

squamous cell carcinoma 1” (GASC1) (4), and can directly catalyze the demethylation of 

trimethylated and dimethylated lysine 9 and lysine 36 on histone H3 through an oxidative 

reaction requiring Fe (II) and α-ketoglutarate (5,6). H3 lysine 9 trimethylation (H3K9me3) 

is a hallmark of heterochromatin and is linked to transcriptional repression when found at 

euchromatic gene regulatory elements (7). KDM4C plays a role in reducing heterochromatin 

formation and repressing gene transcription by demethylating H3K9, antagonizing 

heterochromatin protein 1 (HP1) function, and increasing chromatin accessibility (5,8). 

Indeed, mounting evidence has indicated that KDM4C is capable of regulating specific gene 

expression by binding to the target genes and demethylating H3K9me3 (9-11).

KDM4C plays a role in chromosomal instability, cellular differentiation, malignant 

transformation (12), and stem cell pluripotency (10,11,13). It is amplified and overexpressed 

in several cancers, including lymphomas, breast, lung, and esophageal cancers (14-17). 

Furthermore, KDM4C promotes the proliferation of prostate cancer cells by increasing the 

transcription of androgen receptor-responsive genes (18). However, although KDM4C is 

commonly overexpressed in many types of human tumors, the molecular mechanisms of its 

overexpression remain largely unknown.

Abnormal activation of the Wnt/β-catenin pathway has been reported in many kinds of 

human cancers, such as colon cancer, melanoma, breast cancer, and glioma (19,20). In 

glioma, the pathway is persistently activated, and the formation and progression of glioma 

are associated with many Wnt signaling pathway components, including positive regulators 

(Wnt ligands, β-catenin, PLAG2, FoxM1, and the receptors FZL and DVL) and negative 

inhibitors (sFRP, DKK1, PEG3/Pwl, and α-2-macroglobulin) (11,19,20). Moreover, 

activation of β-catenin transcription is essential to the tumorigenicity of human glioblastoma 
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cells (21,22). However, the role of KDM4C in Wnt/β-catenin pathway and tumorigenicity of 

glioblastoma is largely unknown.

In this study, we found that KDM4C is a novel downstream target of Wnt signaling and that 

activation of Wnt pathway causes KDM4C overexpression in glioblastoma cells. Wnt 

activation also results in the recruitment of KDM4C to the β-catenin/TCF4 transcription 

activation complex at Wnt target genes. KDM4C controls the demethylation of H3K9 and 

removes the H3K9me3 from Wnt target genes, which is required for target gene 

transcription and subsequent cell proliferation and tumorigenicity of glioblastoma cells.

Methods

Plasmids, site mutants, siRNA, and reagents

HA-KDM4A, HA-KDM4B, HA-KDM4C, and Myc-TCF4 plasmids were from Addgene. 

Lentivirus pLenti-GIII-CMV-human-WNT3A-HA lentiviral vector (CMV-hWNT3A-HA; 

LV358590) was from ABM. Flag-β-TrCP, Myc-ubiquitin, and HA-ubiquitin plasmids were a 

gift from Dr. Yue Xiong (University of North Carolina, Chapel Hill, NC). Flag-KDM4C and 

Flag-TCF4 were subcloned into p3×Flag-23 (Sigma-Aldrich). HA-KDM4C mutants 

S713A-, S918A-, D914A-, D914A/S918A-, H190A/E192A-, and shRNA-resistant mutants, 

were constructed using a Q5 site-directed mutagenesis kit (E0554) from NEB. Recombinant 

human Wnt3a (5036-WN-010) and recombinant human DKK1 (5493-DK-010) were from 

R&D Systems. The kinase inhibitors SB203580 (S-3400), SP600125 (S-7979), and 

Trametinib (T-8123) were purchased from LC Laboratories. pGIPZ lentivirus shKDM4C 

plasmids (RHS4531-EG23081) and SMARTpool siGENOME KDM4C siRNA 

(M-004293-02-0005) were purchased from GE Dharmacon. Other siRNAs were synthesized 

by Sigma, and the sequences are listed in Supplementary Table 1.

Cell culture

HS683, SW1783, U87, U118, U251, LN229, T98G, HEK293T cell lines (American Type 

Culture Collection) and the immortalized NHA-E6/E7/hTERT cell line were grown in 

Dulbecco modified Eagle medium containing 10% fetal bovine serum (HyClone). GSK3α/β 
wild-type and double-knockout mouse stem cells (gift from Dr. James R. Woodgett, Mount 

Sinai Hospital, Toronto, Canada) were cultured as described previously (23). The GSCs 

(glioblastoma-derived stem cells) were obtained from fresh surgical specimens of human 

primary and recurrent GBMs and cultured as tumorspheres at MD Anderson Cancer Center 

(24).The profile of most GSCs had been reported (25). Only early-passage (less than five 

passages) GSC cells were used for the study. No cell lines used in this study were found in 

the database of commonly misidentified cell lines that is maintained by The International 

Cell Line Authentication Committee and NCBI Biosample. Cell lines were authenticated by 

short tandem repeat profiling and were routinely tested for Mycoplasma contamination in 

every 6 months. The latest test date was in Auguest of 2019.

Hematoxylin-and-eosin staining and immunohistochemical analysis

Mouse brain specimens were stained with Mayer’s hematoxylin and eosin (Biogenex 

Laboratories). The brain GBM tissue microarrays (US Biomax, GL805b, containing 
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duplicated cores of 35 cases of GBM) were immunohistochemical stained with antibody 

against KDM4A, KDM4B or KDM4C. The tissue sections from paraffin-embedded human 

grade III glioma or GBM specimens were immunohistochemical stained with KDM4C, 

phospho-LRP6 or c-Myc antibody. Immunostaining intensity was scored as previously 

described (22). Tumor volume was calculated by the formula V = ab2/2, where a and b are 

the tumor’s length and width, respectively (26). The use of human brain tumor specimens 

was approved by the institutional review board at The University of Texas MD Anderson 

Cancer Center, and written informed consent was obtained from patients for the use of their 

clinical specimens for research.

Chromatin immunoprecipitation (ChIP) and re-ChIP assays

For ChIP assay, 2 × 106 cells were prepared using the ChIP assay kit (Cell Signaling 

Technology) according to the manufacturer’s instructions. In re-ChIP assay, 1 × 107 cells 

were used for the first-step ChIP. The DNA complexes were first immunoprecipitated using 

the indicated antibodies and then eluted by incubation for 30 minutes at 37°C in 100 μl of 

10mM DTT. The supernatant was diluted 50× with re-ChIP buffer and incubated using the 

indicated antibodies, as with the ChIP procedure. The resulting precipitated DNA samples 

were quantified by real-time PCR using the primers listed in Supplementary Table 2.

Analysis of chromatin-associated protein complexes

To analyze chromatin-associated protein complexes, we performed a modified ChIP assay 

and the resulting sample was subjected to Western blot analysis, instead of qPCR. Briefly, 1 

× 107 cells were treated with 1% formaldehyde for 10 minutes at ambient temperature to 

cross-link the DNA and protein. The cross-linking was terminated using glycine. The nuclei 

were purified and digested by micrococcal nuclease for 20 minutes at 37°C, and stopped 

with 0.5 M EDTA. The lysates were then used for chromatin immunoprecipitation with the 

indicated antibodies and protein G beads. Then the pellet of beads was boiled in sample 

buffer at 99°C for 15 minutes. The resulting samples were then subjected to Western blot 

analysis. The antibodies used are summarized in Supplementary Table 3.

In vitro ubiquitination assay

Flag-KDM4C was captured from Flag-KDM4C plasmid-transfected HEK293T cell lysates 

by anti-Flag agarose beads. Empty anti-Flag agarose beads were used as a control. The in 
vitro ubiquitination assay was performed by incubating KDM4C or control agarose beads at 

37°C for 1 hour with E1 ubiquitin-activating enzyme UBE1, E2-conjugating enzyme 

UbcH5c, HA-ubiquitin, and adenosine triphosphate (all from Boston Biochem) in the 

presence or absence of recombinant β-TrCP protein (Creative Biomart, BTRC-2545M). 

Then the supernatant was removed, and the beads were thoroughly washed and boiled in 1× 

loading buffer, followed by Western blot analysis with the indicated antibodies.

Study approval

The present studies in animals were reviewed and approved by Institutional Animal Care 

and Use Committees of the University of Texas M D Anderson Cancer Center and the 

Virginia Commonwealth University.
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Statistical analysis

The significance of the data from patient specimens was determined by the one-way 

ANOVA, unpaired student’s t-test and Pearson correlation coefficient test. The significance 

of the in vitro data and in vivo data between experimental groups was determined by the 

Student t test (two-tailed). P < 0.05 was statistically significant.

Results

Expression of KDM4C protein is upregulated in clinical glioblastoma

Alterations of epigenetic regulators such as the KDM4 family members regulate tumor 

growth in breast, colorectal, lung, prostate, and other tumors (4,15-18). However, whether 

KDM4 demethylases are dysregulated in glioma is largely unknown. The KDM4 subfamily 

is comprised of four enzymatically activated members KDM4A, B, C, and D (5). KDM4A, 

B and C have similar structure, but KDM4D lacks the double PHD and Tudor domains and 

has a different substrate specificity (5,6). Thus, we examined the expressions of KDM4A, B 

and C in human glioblastoma tissues. KDM4C, but not KDM4A and B, was highly 

expressed in glioblastomas (Fig. 1A, Supplementary Fig. 1A). We then analyzed the 

expression of KDM4C in 60 human glioblastoma (grade IV) as compared with 30 grade III 

glioma samples, and further confirmed that KDM4C was upregulated in glioblastomas (Fig. 

1B). Moreover, GSCs (GSC20, GSC11, GSC23 and GSC7-2), and glioblastoma cell lines 

(U87, LN229, U251 and U118) expressed substantially higher levels of KDM4C protein 

than did grade III glioma cell lines (HS683 and SW1783), whereas the level of KDM4C in 

immortalized human astrocytes was very low (Fig. 1C), indicating that KDM4C is 

upregulated in GSC and glioblastoma cell lines.

KDM4C binds to Wnt target genes and is required for Wnt target gene transcription

It has been shown that the canonical Wnt, i.e., the Wnt/β-catenin signal pathway, is 

persistently activated in sporadic gliomas that do not have mutations in β-catenin or APC 

(20). Moreover, previous studies showed that Wnt signaling activity was significantly higher 

in glioblastomas than in grade III gliomas (21). We measured the level of phosphorylated 

LRP6 (p-LRP6) which is caused by Wnt binding and serves as a marker for active Wnt 

signaling (27), in the above cell lines. Most of GSCs and glioblastoma cell lines expressed 

substantially higher levels of p-LRP6 than grade III glioma cell lines (HS683 and SW1783), 

whereas the level of p-LRP6 in NHAs was very low (Fig. 1C). We also measured 

transcription of prototypic Wnt target genes, AXIN2, MYC and LEF1, and found that in 

most of GSCs and glioblastoma cells, the mRNA levels of these genes were relatively higher 

than grade III glioma cells and NHAs (Supplementary Fig. 1B), suggesting that Wnt 

signaling could correlate with KDM4C expression in glioblastoma. (Fig. 1C). Next, we 

determined whether KDM4C affects Wnt target gene expression. Firstly, to determine 

whether KDM4C generally regulates the activation of Wnt-induced and TCF4-dependent 

transcription, we used TOP-eGFP reporter containing three LEF-1/TCF-binding motifs that 

are widely present in Wnt target genes. Our previous study showed that human glioma cells, 

such as SW1783 and LN229, do not have APC or β-catenin mutations and respond well to 

Wnt treatment (21,28), thus providing an excellent system to study the Wnt signaling. We 

found that Wnt3a increased TOP-eGFP expression (Fig. 1D, Supplementary Fig. 1C), 
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indicating that Wnt3a induced β-catenin-TCF/LEF transcriptional activity. In contrast, 

KDM4C knockdown using shRNA-1 and -3 (Supplementary Fig. 1D) significantly reduced 

Wnt3a-induced β-catenin-TCF/LEF transcriptional activity in the cells (Fig. 1D, 

Supplementary Fig. 1C). Secondary, we determined whether KDM4C regulates the 

expression of Wnt-target genes. Knockdown of KDM4C in SW1783 cells using two specific 

shRNAs significantly reduced the Wnt3a-induced mRNA elevation of AXIN2, LEF1, or 

MYC (Fig. 1E) and protein levels (Fig. 1F, Supplementary Fig. 1E). It has been reported that 

mutations at H190 and E192 of KDM4C are enough to abrogate the iron-binding ability of 

KDM4C, thus making it a demethylase dead KDM4C (5). We thus used shRNA-resistant 

demethylase dead KDM4C (4C-shR Mut) to determine whether Wnt-induced target gene 

transcription depends on the demethylase activity of KDM4C. The inhibitory effect of 

shKDM4C on Wnt3a-induced upregulation of AXIN2, LEF1, or MYC was rescued by wild-

type shRNA-resistant KDM4C (4C-shR WT), but not demethylase dead KDM4C (4C-shR 

Mut) in SW1783 cells (Fig. 1G). Knockdown of KDM4C in GSC11 cells, which exhibited 

high levels of endogenous Wnt signaling activation (21), also significantly inhibited 

expression of these Wnt-target genes (Fig. 1H). To determine whether KDM4C regulation of 

these targets occurs in response to Wnt3a increasing or β-catenin activation, we ectopically 

expressed S33A β-catenin mutant, a naturally occurring and constitutively activation mutant 

(29). β-catenin S33A mutant did not change KDM4C protein level, but could slightly 

upregulate the mRNA expressions of the Wnt target genes (Supplementary Fig. 1F). This 

regulation might be due to the base levels of Wnt and KDM4C in the cells. Indeed, Wnt3a 

treatment induce higher mRNA levels of the target genes, and KDM4C knocking down 

reduced β-catenin S33A induced-mRNA upregulation of the target genes. These results 

suggest that KDM4C regulation of Wnt targets occurs in response to Wnt3a increasing but 

not to β-catenin activation, but KDM4C level is important to the expression of Wnt/β-

catenin target genes.

Furthermore, we used a Wnt signaling target mRNA array to determine whether KDM4C 

knockdown affects the expression of Wnt target genes. Upon Wnt3a treatment, 80 Wnt 

target genes showed a significant increase in mRNA levels in SW1783 cells. In contrast, 

KDM4C knockdown repressed Wnt-induced mRNA expression in 76 of 80 Wnt target 

genes, i.e., 95% of Wnt target genes was affected by KDM4C knockdown (Fig. 1I and 

Supplementary Table 4).

Interaction of KDM4C with TCF4 and β-catenin is required for Wnt target gene regulation

To study the mechanism by which KDM4C participates in the regulation of Wnt targeted 

genes, we firstly determined whether KDM4C binds to Wnt target genes. ChIP-q-PCR with 

KDM4C and TCF4 antibodies in SW1783 cells treated with Wnt3a showed that KDM4C 

binds to the TCF4-associated promoters (Fig. 2A). Then, we investigated how KDM4C 

binds to TCF4-associated promoters. Only KDM4C, but not KDM4A, KDM4B, or 

KDM4D, interacted with TCF4 in the presence of Wnt3a (Fig. 2B). Also, in a reverse co-

immunoprecipitation assay, endogenous TCF4 interacted with endogenous KDM4C, but not 

with other KDM4 members (Fig. 2C). Additionally, the interaction of KDM4C with TCF4 

was enhanced by Wnt3a (Fig. 2D), suggesting that the interaction of endogenous KDM4C 

and TCF4 is dependent on Wnt activation. Next, ChIP assay confirmed that KDM4C bound 
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to the promoter of AXIN2 in Wnt3a-treated SW1783 cells (Fig. 2E, lane 3), and TCF4 

knockdown abolished the binding of KDM4C to the promoter (Fig. 2E, lane 5), suggesting 

that KDM4C recognizes Wnt target genes through TCF4.

A previous study showed that KDM4B can be found in both the cytoplasm and the nucleus 

(30). We also found that KDM4C localizes in both the cytoplasm and the nucleus (Fig. 2F). 

Wnt3a increased both KDM4C and β-catenin levels and KDM4C co-localized with β-

catenin in the nucleus (Fig. 2F). KDM4C but not KDM4A or KDM4B bound strongly with 

endogenous β-catenin upon Wnt3a treatment (Supplementary Fig. 2A). And KDM4C co-

localized with β-catenin in the nucleus (Fig. 2F). Next, we determined whether β-catenin is 

required for the interaction between TCF4 and KDM4C. KDM4C interacted with both TCF4 

and β-catenin (Fig. 2G, lane 2), and knockdown of β-catenin abolished Wnt-induced 

interaction of TCF4 and KDM4C (Fig. 2G, lane 4). However, β-catenin knockdown did not 

affect the upregulation of KDM4C by Wnt3a (Supplementary Fig. 2B). Consistently, 

KDM4C associated with TCF4 in the promoter of AXIN2, MYC, and LEF1 under Wnt3a 

stimulation (Fig. 2H), and knockdown of β-catenin abolished this association (Fig. 2H). 

These results suggest that β-catenin is required for the interaction of KDM4C with TCF4, by 

which KDM4C is recruited to Wnt target gene promoter.

KDM4C induced-histone H3 demethylation is required for Wnt target gene regulation, 
which leads to the removal of repressor HP1γ from TCF4/β-catenin-associated chromatin

To explore the epigenetic mechanisms involved in Wnt target gene transcription regulation, 

we determined whether Wnt signaling regulates histone H3K9 modifications of TCF4-

associated H3 by combining the ChIP assay with Western blot analysis. Wnt3a sharply 

decreased the levels of H3K9 trimethylation (H3K9me3) and dimethylation (H3K9me2), 

and increased H3K9 acetylation at TCF4-associated chromatin in LN229 cells and 

HEK293T cells (Fig. 3A, Supplementary 3A). However, the global H3K9me3 and 

H3K9me2 levels were not affected by Wnt3a treatment (Supplementary Fig. 3B).

It has been shown that H3K9me3 and H3K9me2 can be specifically demethylated by 

KDM4A, KDM4B, KDM4C, and KDM4D (5). To determine the specificity of these 

members in Wnt signaling, we knocked down each of them using specific siRNAs 

(Supplementary Fig. 3C). Only KDM4C knockdown prevented Wnt3a-induced TCF4-bound 

H3K9 demethylation in HEK293T and LN229 cells (Fig. 3B and C). Knockdown of 

KDM4C also inhibited TCF4-bound H3K9 demethylation in SW1783-Wnt3a cells 

(Supplementary Fig. 3D). These results suggest that only KDM4C is involved in Wnt 

signaling. Next, we determined whether KDM4C demethylates histone H3 of Wnt target 

gene promoters. ChIP assays with H3K9me3 antibody in SW1783 cells showed that Wnt3a 

induced demethylation of TCF4-associated H3K9me3 at the promoters of LEF1, AXIN2, 

and MYC (Fig. 3D, Supplementary Fig. 3E). However, KDM4C knockdown efficiently 

blocked this effect (Fig. 3D). Moreover, to exclude the possibility that Wnt-induced 

reductions in H3K9me3 levels are due to loss of histone from TCF4-associated promoters, 

we examined the relative amount H2A and H3 associated with AXIN2 promoter. Wnt3a 

reduced the methylation level of H3K9 but did not change the levels of H3 and H2A 
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associated with the promoter (Supplementary Fig. 3F). Therefore, these results suggest that 

Wnt-induced target gene transcription depends on the demethylase activity of KDM4C.

We also determined whether Wnt-induced target genes such as AXIN2 demethylation by 

KDM4C is dependent on both TCF4 and β-catenin. Using H3K9me3 ChIP experiments, we 

found that knockdown of TCF4 or β-catenin abolished Wnt-induced AXIN2 promoter 

demethylation (Fig. 3E). It has been shown that HP1 can recognize and bind to methylated 

H3K9 to mediate transcription repression (31). KDM4C has a physiologically important role 

in suppressing the H3K9/HP1 pathway by decreasing H3K9me3 levels and delocalizing 

HP1, thereby reducing transcriptional repression (9,10,32). The HP1 family has three 

members in mammalian cells, HP1α, HP1β, and HP1γ. Previous studies showed that HP1γ 
is localized in euchromatin and contributes to gene silencing in the euchromatic locus 

(31,33). Thus, we examined whether HP1γ occupies TCF4-associated chromatin in cells 

with very low endogenous Wnt activity, such as HEK293T cells. HP1γ can interact with 

TCF4-associated chromatin in HEK293T cells (Supplementary Fig. 3G). Moreover, this 

interaction was weakened by Wnt3a, whereas KDM4C knockdown revised the effect of 

Wnt3a (Supplementary Fig. 3H). Because Wnt3a led to the interaction between KDM4C 

and β-catenin (Fig. 2F, G), we examined the role of β-catenin in the recruitment of HP1γ. β-

catenin knockdown prevented Wnt3a-induced dissociation of HP1γ from TCF4-associated 

chromatin (Fig. 3F). Furthermore, Wnt3a decreased the recruitment of HP1γ to the 

promoters of AXIN2 and MYC (Fig. 3G), while KDM4C knockdown inhibited this effect 

(Fig. 3G, Supplementary Fig. 3I). These results indicate that KDM4C forms a tripartite 

complex with β-catenin and TCF4, which demethylates TCF4-associated H3K9me3 and 

impedes the recruitment of HP1γ, resulting in promotion of Wnt target gene transcription.

Wnt3a stabilizes KDM4C protein by inhibiting GSK3-induced KDM4C ubiquitination

We have observed that Wnt3a but not β-catenin increased KDM4C expression 

(Supplementary Fig. 1F), thus we investigated whether Wnt regulates KDM4C at protein 

level. Indeed, 4 hours of Wnt3a treatment increased the levels of KDM4C protein but not 

mRNA in SW1783 cells (Supplementary Fig. 4A), which excludes the possibility that 

KDM4C is regulated at transcription level in that timeframe. Moreover, Wnt3a increased the 

half-life of KDM4C (Fig. 4A and Supplementary Fig. 4B). Because inhibition of GSK3-

induced β-catenin degradation is a key process in canonical Wnt signaling (19,20), we 

explored the role of GSK3 in KDM4C degradation. LiCl, a broadly used GSK3 inhibitor, 

increased the level of endogenous KDM4C protein in LN229 cells (Supplementary Fig. 4C). 

Similarly, BIO (a specific GSK3 inhibitor), but not MEK, JNK, and P38 kinase inhibitors, 

increased KDM4C protein levels in the SW1783 cells (Supplementary Fig. 4D). 

Furthermore, GSK3α/β double-knockout stabilized the protein level of KDM4C (Fig. 4B), 

but did not change the mRNA levels of KDM4C (Supplementary Fig. 4E). In contrast, 

overexpression of the constitutively active (CA) GSK3β inhibited the upregulation of 

KDM4C caused by Wnt3a (Fig. 4C). These results suggest that GSK3 induces the 

degradation of KDM4C, and inhibits Wnt-induced KDM4C stabilization.

To investigate the mechanism by which Wnt regulates KDM4C stability, we treated HEK293 

cells with MG132, a proteasome inhibitor. MG132 increased KDM4C protein levels in the 
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cells (Supplementary Fig. 4F), suggesting that KDM4C is degraded by the ubiquitin-

proteasome pathway. Thus, we determined whether GSK induces the ubiquitination of 

KDM4C. Endogenous KDM4C was subjected to ubiquitination, and inhibition of GSK3 by 

BIO decreased the ubiquitination of KDM4C in a dose-dependent manner (Fig. 4D). 

Similarly, the ubiquitination of KDM4C was diminished by Wnt3a (Fig. 4E). Consistently, 

overexpression of the GSK3β CA prevented the decrease of KDM4C ubiquitination caused 

by Wnt3a (Fig. 4F). Together, these results indicate that Wnt3a stabilizes KDM4C protein 

by inhibiting GSK3-induced KDM4C ubiquitination.

β-TrCP mediates KDM4C ubiquitination which is regulated by Wnt3a

Previous studies showed that Wnt stabilizes β-catenin by inhibiting GSK3/β-TrCP-coupled 

ubiquitination (34). Thus, we explored the role of β-TrCP in the regulation of KDM4C. 

Knockdown of β-TrCP stabilized endogenous KDM4C (Fig. 4G, Supplementary Fig. 4G), 

and abolished the degradation of KDM4C protein, which is induced by GSK3β CA 

(Supplementary Fig. 4G), whereas overexpression of β-TrCP did the opposite 

(Supplementary Fig. 4H). Moreover, knockdown of β-TrCP diminished endogenous 

KDM4C ubiquitination (Fig. 4H), whereas overexpression of β-TrCP significantly increased 

KDM4C ubiquitination (Fig. 4I). Furthermore, Wnt3a and BIO inhibited KDM4C 

ubiquitination induced by β-TrCP (Fig. 4I). Importantly, in vitro ubiquitination assay with 

purified KDM4C from SW1783 cells showed that KDM4C can be ubiquitinated by β-TrCP 

(Fig. 4J). These data indicate that β-TrCP is an E3 ligase of KDM4C and β-TrCP-mediated 

ubiquitination of KDM4C is inhibited by Wnt signaling.

Interaction between β-TrCP and KDM4C depends on the phosphorylation of KDM4C at 
serine 918

Next, we examined the interaction between β-TrCP and KDM4C. In SW1783 cells, 

endogenous KDM4C was co-immunoprecipitated with endogenous β-TrCP, and vice versa 

(Fig. 5A and Supplementary Fig. 5A). Moreover, Wnt3a reduced the interaction between β-

TrCP and KDM4C (Fig. 5A and Supplementary Fig. 5A), whereas GSK3β CA expression 

induced the interaction between β-TrCP and KDM4C in GSC11 cells (Fig. 5B). To identify 

the β-TrCP degron on KDM4C protein, we constructed KDM4C N-terminal, Middle, and C-

terminal truncation mutants (Fig. 5C). Besides full-length KDM4C, the C-terminal of 

KDM4C interacted with endogenous β-TrCP (Fig. 5D). It is known that β-TrCP interacts 

with the DS(PO4)GXXS(PO4) degron of substrates (35). There were two potential β-TrCP 

degrons in the C-terminal of KDM4C, EDGTS713 and DDGSFS918 (Supplementary Fig. 5B) 

in which E and D mimic phosphorylated serine. Moreover, DDGSFS918 is highly conserved 

among species (Supplementary Fig. 5C). Thus, we generated KDM4C mutants containing 

Ser or Asp-to-Ala mutations (S713A, S918A, D914A, and D914A/S918A) in the potential 

degrons. Compared with KDM4CWT, KDM4CS918A but not KDM4CS713A, expression led 

to significantly decreased ubiquitination (Fig. 5E). KDM4CS918A protein was also more 

stable than KDM4CWT protein (Fig. 5F). Furthermore, KDM4CWT, but not KDM4CD914A, 

KDM4CS918A, or KDM4CD914A/S918A, interacted with β-TrCP, suggesting that both D914 

and S918 are required for the recognition of KDM4C by β-TrCP (Fig. 5G). These results 

indicate that DDGSFS918 is a β-TrCP degron and interaction between β-TrCP and KDM4C 

depends on the phosphorylation of KDM4C at S918.
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PKR-induced phosphorylation of KDM4C at S918 is critical for the interaction of β-TrCP 
and KDM4C

We explored the kinases responsible for KDM4C phosphorylation at S918. According to 

GPS2.1 (Group-based Prediction System) (36) with high threshold condition, PKR was the 

only potential kinase predicted to phosphorylate KDM4C at S918. PKR is a dsRNA-

dependent serine-threonine kinase in mammalian cells, which plays a role in cell growth and 

apoptosis in various cancers (37). We found that knockdown of PKR significantly increased 

the stability of KDM4C protein (Fig. 6A). To confirm that PKR phosphorylates KDM4C at 

S918, we generated a phosphorylation-specific antibody against S918 phosphorylated 

KDM4C. The specificity of the antibody was confirmed by recognition of 

immunoprecipitated S918-phosphorylated KDM4C by a pan-phospho-serine/-threonine 

antibody (Supplementary Fig. 6), and by specific recognition of the KDM4CWT protein but 

not the KDM4CS918A protein (Fig. 6B). Using this antibody, we found a decrease in the 

phosphorylation of KDM4C at S918 with depletion of PKR (Fig. 6B, lane 2), indicating that 

PKR is critical for the phosphorylation of KDM4C at S918. Moreover, Wnt3a decreased the 

phosphorylation of S918 in the KDM4CWT protein but not in the KDM4CS918A protein 

(Fig. 6C). Wnt3a also decreased the phosphorylation of S918 in endogenous KDM4C (Fig. 

6D). Additionally, in the absent of Wnt3a, PKR formed colocalization with KDM4C and β-

catenin in the cytoplasm, whereas Wnt3a prevented this colocalization (Fig. 6E). 

Furthermore, knockdown of PKR reduced the interaction between KDM4C and β-TrCP and 

enforced the inhibitory effect of Wnt3a on the interaction between KDM4C and β-TrCP 

(Fig. 6F). Taken together, the above results suggest that Wnt inhibits the phosphorylation of 

KDM4C at S918 induced by PKR which is critical for the interaction of β-TrCP and 

KDM4C.

Wnt signal downregulates KDM4C ubiquitination through inhibition of PKR kinase activity

To determine the mechanism by which Wnt inhibits the phosphorylation of KDM4C at 

S918, we treated wild-type and double-knockout GSK3α/β mouse stem cells with Wnt3a. It 

has been reported that Thr451 is located in the activation loop and its phosphorylation is 

critical for kinase activity (37). We found that Wnt3a led to a notable decrease of PKR 

phosphorylation at Thr451 in the wild-type GSK3α/β cells (Fig. 6G) which was almost 

undetectable in GSK3α/β double-knockout cells (Fig. 6G). Furthermore, overexpression of 

the GSK3β CA led to a substantial increase of Thr451 phosphorylation in HEK293T and 

SW1783 cells (Fig. 6H). These results suggest that GSK3 is required for PKR activation, 

whereas Wnt signaling inhibits GSK3-induced PKR activation.

Next, we determined the role of PKR in KDM4C degradation. PKR knockdown inhibited 

the degradation of KDM4C induced by GSK3β CA (Fig. 6I), and abolished the effect of 

GSK3β CA on KDM4C ubiquitination (Fig. 6J). Moreover, both Wnt3a treatment and PKR 

knockdown inhibited KDM4C ubiquitination in vivo (Fig. 6K). Taken together, these data 

demonstrate that GSK3 enhances KDM4C ubiquitination by promoting PKR activation, 

whereas Wnt downregulates KDM4C ubiquitination through inhibiting GSK3-induced PKR 

kinase activation.

Chen et al. Page 10

Cancer Res. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



KDM4C is essential for Wnt/β-catenin-mediated cell proliferation and tumorigenesis

It has been reported that Wnt3a increases the proliferation of many cell lines that respond to 

Wnt signaling, especially in cells with low Wnt signaling activity, such as SW1783 cells 

(21). Thus, we determined whether KDM4C affects Wnt-induced cell growth. KDM4C 

stable knockdown totally abolished cell proliferation induced by Wnt3a (Fig. 7A). Similarly, 

knockdown of KDM4C using the pooled siRNAs in HEK293T and LN229 cells reduced 

Wnt-induced cell proliferation (Fig. 7B). Moreover, knockdown of KDM4C in GSC11 and 

GSC20 cells, which have high Wnt signaling activity (21), significantly inhibited cell 

proliferation (Fig. 7C). Furthermore, DKK1, which inhibits Wnt activation by binding to 

Wnt receptor LRP5/6 and inducing endocytosis (27), had no additional inhibitory effect on 

KDM4C knockdown cells (Fig. 7C), suggesting that DKK1 and KDM4C knockdown 

function in the same pathway.

Next, we determined whether KDM4C regulated the tumorigenicity of glioblastoma cells 

using an intracranial mouse model. All mice that had been intracranially injected with 

GSC11 or GSC20-control cells developed brain tumors (Fig. 7D, E). In contrast, KDM4C 

depletion by two independent shRNAs in GSC11 or GSC20 cells abrogated brain tumor 

formation, which was rescued by shRNA-resistant KDM4C (4C-shR; Fig. 7D, E, and 

Supplementary Fig. 7A). However, β-catenin depletion abrogated the brain tumor formation 

of the 4C-shR GSC11 or GSC20 cells (Fig. 7D, E). These results suggest that KDM4C is 

vital for brain tumor formation and β-catenin is required for KDM4C-promoted tumor 

growth.

To further ascertain whether KDM4C is required for the tumorigenicity induced by Wnt/β-

catenin, we examined the tumorigenicity of glioma cells that overexpress Wnt3a but are 

deficient in KDM4C. Stable SW1783-Wnt3a and HS683-Wnt3a cells were established using 

a CMV-hWNT3A-HA lentivirus. First, Wnt3a increased the proliferation of SW1783 and 

HS683 cells, whereas KDM4C knockdown inhibited cell proliferation (Supplementary Fig. 

7B and C). The inhibitory effect of shKDM4C on cell proliferation was rescued by wild-

type shRNA-resistant KDM4C but not by demethylase dead shRNA-resistant KDM4C 

(Supplementary Fig. 7B and C). Second, Wnt3a overexpression rendered SW1783 and 

HS683 cells tumorigenic in nude mice (Fig. 7F, G), indicating that Wnt3a overexpression is 

responsible for tumor formation. However, KDM4C knockdown in SW1783-Wnt3a or 

HS683-Wnt3a cells diminished their tumorigenicity (Fig. 7F, G). Moreover, the inhibitory 

effect of shKDM4C on tumorigenicity was rescued by wild-type shRNA-resistant KDM4C 

but not by demethylase dead shRNA-resistant KDM4C (Fig. 7F, G).

Next, we used an inducible (Tet-on) KDM4C shRNA system in SW1783-Wnt3a cells to 

further confirm the role of KDM4C in tumorigenesis. Doxycycline-induced knockdown of 

KDM4C diminished Wnt3a-induced tumorigenesis (Fig. 7H). Moreover, doxycycline 

treatment resulted in a significantly longer survival in mice xenografted with doxycycline-

inducible SW1783-Wnt-3a shKDM4C-1 or shKDM4C-3 cells (Fig. 7I). Furthermore, we 

examined protein levels of KDM4C, c-Myc, LEF1, and Cyclin D1 in the tumors or brain 

tissues from the above tumorigenesis experiments. Upon KDM4C knockdown, the protein 

levels of LEF1, c-Myc, and Cyclin D1 were significantly decreased in tumors in the 
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doxycycline-treated groups compared with tumors in the control groups (Supplementary Fig. 

7D). These results indicate that tumor promotion by Wnt3a depends on KDM4C.

Wnt-mediated stabilization of KDM4C has clinical relevance in regulating the activation of 
Wnt/β-catenin signaling

To determine the potential clinical relevance of our findings, we analyzed the significance of 

KDM4C/Wnt/β-catenin axis in human glioma using 60 glioblastoma samples by 

immunohistochemical analyses. Expression levels of KDM4C were significantly correlated 

with those of phosphorylated LRP6 and c-Myc (Supplementary Fig. 7E, F, r = 0.700, P < 

0.001, and Supplementary Fig. 7G, r = 0.637, P < 0.001). Expression levels of c-Myc were 

also significantly correlated with those of phosphorylated LRP6 (Supplementary Fig. 7H; r = 

0.617, P < 0.001). Importantly, RNAscope analysis showed that the mRNA level of AXIN2 

was significantly correlated with LRP6 phosphorylation and KDM4C expression 

(Supplementary Fig. 7I, r = 0.849, P < 0.001; Supplementary Fig. 7J, r = 0.833, P < 0.001). 

These results indicate that KDM4C expression directly associated with Wnt activation and 

Wnt target gene expression in human glioblastomas.

Discussion

Epigenetic modifications of histones are the final “switches” that control the gene expression 

patterns caused by alterations in genetics and signaling pathways (38). However, epigenetic 

changes on histone modifications in the Wnt/β-catenin pathway remain poorly understood. 

In this study, we demonstrated that Wnt stabilizes KDM4C protein by inhibiting PKR- and 

β-TrCP-dependent ubiquitination, resulting in the accumulation of KDM4C in the nucleus. 

Increased KDM4C interacts with β-catenin and demethylates H3K9me3 of Wnt target 

promoters which leads to HP1γ removal and subsequent gene transcription (see the working 

model in Supplementary Fig. 8).

A previous study showed that immortalized human astrocytes that overexpress mutant 

IDH1R132H exhibit an increase in H3K9me3, which is mediated in part by the inhibition of 

KDM4C by 2-HG (39). However, a recent study reported that IDH1 mutation was rare in 

primary glioblastomas in a cohort from The Cancer Genome Atlas (40). Primary 

glioblastoma is by far accounting for more than 90% of glioblastoma and more than 82% of 

glioma cases in the United States (41). Thus, the level and function of KDM4C in most 

primary glioblastomas is not related to IDH1 mutation. Also, according to TCGA data, the 

mRNA expression of KDM4C is reduced in glioblastomas, and KDM4B mRNA level is 

higher than KDM4C mRNA level. Our data indicated that KDM4C protein is overexpressed 

in human glioblastomas and is significantly higher in glioblastoma cells than in glioma cells 

and astrocytes, suggesting that the protein stability regulation of KDM4C is vital for its 

expression in glioblastoma. Moreover, KDM4C knockdown inhibited glioma cell 

proliferation and tumorigenesis. Thus, for the first time, we revealed that KDM4C is an 

oncogene in glioblastoma.

KDM4C is commonly overexpressed in most human tumors, but the molecular mechanisms 

of its overexpression remain unknown. Our results strongly indicate that aberrant Wnt 

signaling drives KDM4C overexpression by stabilizing KDM4C protein. We provided 
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compelling evidence that Wnt activation stabilizes KDM4C protein by inhibiting GSK3/β-

TrCP. Moreover, we report for the first time that PKR can be inhibited by Wnt signaling. 

PKR is involved in cell growth, apoptosis, malignant transformation and tumorigenesis (42). 

Furthermore, PKR is involved in c-Myc downregulation and leads to inhibition of cell 

growth (37). It would be interesting to determine whether the PKR/KDM4C axis underlies 

this action. Nevertheless, our results show that PKR plays an important role in the 

suppression of Wnt-induced KDM4C, which provides a new mechanism for PKR’s function 

as a tumor suppressor.

Previous studies have shown that KDM4C depletion had no effects on the mouse embryonic 

development (43,44), while deletion of both KDM4A and KDM4C led to early embryonic 

lethality (44). However, mice with KDM4C hypomorphic mutant exhibited abnormal 

developmental stage-dependent differentiation of astrocytes from neural progenitors (45). 

One possibility to reconcile these findings is that members of the KDM4 family have 

functional redundancy at some embryonic developmental stages but the four KDM4 family 

members have different tissue-specific functions. Nevertheless, KDM4C has been implicated 

in different cancers including squamous cell carcinoma, B-cell lymphoma, acute myeloid 

leukemia, prostate and breast cancers. KDM4C plays oncogenic roles in the development 

and progression of cancers by regulating H3K9 trimethylation (5,18-20,46). Our current 

studies provide the key in vivo experimental evidence demonstrating the requirement of 

KDM4C for glioblastoma growth and its functional crosstalk with β-catenin in the 

establishment of histone codes for transcriptional deregulation in glioblastoma.

KDM4C plays an important role in the sphere formation of colon cancer cells via a function 

that is independent of H3K9me3 demethylation; KDM4C was downregulated by β-catenin 

knockdown in the spheres (47). However, upregulation of KDM4C by Wnt3a was not 

affected by β-catenin knockdown (Supplementary Fig. 2B). Therefore, β-catenin-dependent 

transcription can be unequivocally excluded as being responsible for the increased KDM4C 

in response to Wnt stimulation. However, our data indicated that β-catenin is required for 

KDM4C/TCF4 interaction (Fig. 2G). Importantly, β-catenin mediates KDM4C to recognize 

the Wnt target gene promoter (Fig. 2H). These results suggest that in the Wnt signaling 

pathway, KDM4C binding to chromatin regions of Wnt target genes is determined by β-

catenin.

In conclusion, our study has demonstrated that KDM4C is a novel downstream target of the 

Wnt signaling pathway and is a major component of the β-catenin/TCF4 transcription 

activation complex. KDM4C is required for Wnt-induced histone demethylation and thereby 

the expression of target genes. These findings provide insights the molecular mechanisms 

underlying Wnt/β-catenin-mediated gene transcription activation and reveal a critical 

mechanism for KDM4C overexpression in tumors. Our study also presents evidence that 

KDM4C is required for Wnt-induced cell growth and tumorigenesis. Thus, our findings 

suggest that KDM4C might be a promising therapeutic target in glioblastoma in which Wnt/

β-catenin signaling plays a pivotal role.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

These findings identify the Wnt-KDM4C-β-catenin signaling axis as a critical 

mechanism for glioma tumorigenesis that may serve as a new therapeutic target in 

glioblastoma.
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Figure 1. Expression of KDM4C protein is upregulated in clinical glioblastoma and KDM4C 
binds to Wnt target genes and is required for Wnt target gene transcription.
(A) KDM4C, KDM4A or KDM4B expression was examined in GBM tissue microarray 

cores (n=70) by immunohistochemical staining. The expression scores were presented as 

mean ± SEM. **P < 0.01, Kruskal-Wallis test). (B) KDM4C expression in human grade III 

glioma specimens (n=30) and GBM (grade IV) specimens (n=60). The expression scores 

from immunohistochemical staining in grade III gliomas were compared with those in 

GBMs (*P < 0.05, Mann–Whitney test). (C) Western blot analysis of KDM4C and 

phosphorylated LRP6 (p-LRP6) expression in 12 cell lines. (D) SW1783 cells stably 

expressing TOP-eGFP were transfected with control or KDM4C siRNA for 36 hours, 
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followed by treatment with or without 50 ng/ml Wnt3a for 4 hours. Then the extent of GFP 

expression was measured. n=6. Mean ± SD. ***, p<0.001 (one-way ANOVA). (E) KDM4C 

knockdown decreased the expression of Wnt signaling target genes. shKDM4C-1, 

shKDM4C-3 or shControl (shCon) stably expressing SW1783 cells were treated with 50 

ng/ml Wnt3a, followed by real-time PCR to determine the mRNA levels of AXIN2, MYC, 

and LEF1. n=6. Values represent mean ± SEM of three independent experiments. (F) shCon- 

or shKDM4C-1- SW1783 cells were treated with 50 ng/ml Wnt3a for 0, 18, and 36 hours, 

followed by Western blotting of the indicated proteins. (G) shKDM4C-1-SW1783 cells were 

transfected with shRNA-resistant wild-type (4C-shR-WT) or shRNA-resistant enzymatic 

dead (4C-shR-Mut) KDM4C, and treated with 50 ng/ml Wnt3a, followed by real-time PCR. 

n=6. Values are mean ± SEM (from three independent experiments). **P < 0.01. (H) 
Western blot analysis of the indicated protein expression in shCon-, shKDM4C-1-, and 

shKDM4C-3- GSC11 cells. (I) Heatmap presenting array data in the form of log2 (fold 

change) values in SW1783 cells transfected with siKDM4C#1, #2, or sicontrol (siCon) and 

treated with or without Wnt3a.
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Figure 2. Interaction of KDM4C with TCF4 and β-catenin is required for Wnt target gene 
regulation.
(A) KDM4C binds to TCF4-associated promoters. ChIP were performed with KDM4C and 

TCF4 antibodies in LN229 cells with Wnt3a treatment, respectively, followed by real-time 

PCR using primers that flank the TCF-binding element (TBE) regions of the promoters. n=3. 

Values are mean ± SD of three independent experiments. (B) Specific interaction of TCF4 

with KDM4C. HEK293T cells were transfected with KDM4A, KDM4B, KDM4C, or 

KDM4D, and treated with or without Wnt3a. Immunoprecipitation (IP) was performed with 

HA antibody, followed by Western blotting with the indicated antibodies. (C) HEK293T 

cells treated with Wnt3a were analyzed by IP with TCF4 antibody, followed by Western 
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blotting with KDM4C antibody. (D) SW1783 cells treated with Wnt3a were analyzed by IP 

with TCF4 antibody, followed by Western blotting with the indicated antibodies. (E) 
SW1783 cells transfected with siCon or siTCF4 were treated with or without 50 ng/ml 

Wnt3a for 4 hours. ChIP was performed with KDM4C antibody, followed by real-time PCR 

with primers flanking the TBE region of the AXIN2 promoter. n=6. Values are mean ± SD 

of three independent quantifications. **P < 0.01. (F) Representative confocal imaging of 

KDM4C and β-catenin in LN229 cells treated with or without Wnt3a. (G) HEK293T cells 

transfected with HA-KDM4C, myc-TCF4 and/or siβ-catenin were treated with or without 50 

ng/ml Wnt3a for 4 hours. IP was performed with HA antibody, followed by Western blotting 

with the indicated antibodies. (H) SW1783 cells transfected with control or β-catenin siRNA 

were treated with or without Wnt3a. ChIP were performed with the indicated antibodies, 

followed by real-time PCR. n=6. Values are mean ± SD of three independent quantifications. 

***P < 0.001.
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Figure 3. KDM4C induced-histone H3 demethylation is required for Wnt target gene regulation, 
which leads to removal of HP1γ from TCF4/β-catenin-associated chromatin.
(A) HEK293T cells were treated with Wnt3a for 0, 2, or 4 hours. ChIP was performed using 

TCF4 antibody, followed by Western blot analysis. (B, C) HEK293T cells (B) or LN229 

cells (C) transfected with siRNA of indicated KDM4 subfamily members and Flag-TCF4 

plasmids were treated with or without Wnt3a. ChIP was performed using Flag antibody, 

followed by Western blot analysis. (D) SW1783 cells transfected with control- or KDM4C-

siRNA were treated with or without Wnt3a. ChIP was performed using the H3K9me3 

antibody, followed by real-time PCR with primers flanking the (TBE) regions of the 

indicated gene promoters. n=6. Values represent mean ± SD of three independent 

quantifications. ***P < 0.001. (E) SW1783 cells transfected with control, TCF4, or β-

catenin siRNA were treated with or without Wnt3a. ChIP was performed with H3K9me3 

antibody, followed by real-time PCR analysis. n=6. Values represent mean ± SD of three 
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independent quantifications. ***P < 0.001. (F) HEK293T cells were co-transfected with 

Myc-TCF4 and siCon or siβ-catenin, followed by Wnt3a treatment. IP was performed with 

Myc antibody, followed by Western blotting with the indicated antibodies. (G) HEK293T 

cells transfected with shCon or shKDM4C-1 were then treated with or without Wnt3a. ChIP 

was performed with HP1γ antibody, followed by real-time PCR analysis. n=6. Values 

represent mean ± SD of three independent quantifications. ***P < 0.001.
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Figure 4. Wnt3a stabilizes KDM4C protein by inhibiting GSK3-induced KDM4C ubiquitination, 
which is mediated by β-TrCP.
(A) Western blot analysis of KDM4C protein levels in HEK293T cells pretreated with or 

without 50 ng/ml Wnt3a for 2 hours, and then treated with 100 ng/ml CHX for indicated 

hours. Band intensities of KDM4C from three independent experiments were quantified by 

scanning densitometry, using the tubulin signal for normalization; results are expressed as 

KDM4C protein fold change relative to the control group at 0 h. Data are mean ± SD of 

three independent quantifications, **P < 0.01. (B) Western blot analysis of KDM4C protein 

levels in wild-type or double-knockout GSK3α/β mouse stem cells treated with 100 ng/ml 

CHX for 0, 2, 4, or 6 hours. Quantification of band intensities of KDM4C from three 

independent experiments was done as described in (A). Data are means ± SD of three 
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independent quantifications, ***P < 0.001. (C) Western blot analysis of KDM4C protein 

levels in HEK293T cells transfected with or without GSK3β CA and treated with or without 

Wnt3a. (D) BIO inhibits ubiquitination of KDM4C in vivo. HEK293T cells transfected with 

HA-ubiquitin (HA-ub), were treated with or without BIO and 25μM MG132 for 4 hours. IP 

was performed with KDM4C antibody, followed by Western blotting with the indicated 

antibodies. (E) IP was performed using KDM4C antibody in HEK293T cells transfected 

with vector or HA-ub plasmids, and treated with MG132 and/or Wnt3a. (F) IP was 

performed using KDM4C antibody in HEK293T cells transfected with control or HA-

ubiquitin and/or GSK3β CA plasmids and treated with MG132 and Wnt3a. (G) β-TrCP 

knockdown stabilizes KDM4C. SW1783 cells were transfected with control or β-TrCP 

siRNA and then treated with 100 ng/ml CHX for 6 hours, followed by Western blot analysis 

with the indicated antibodies. (H) β-TrCP knockdown inhibits KDM4C ubiquitination. 

HEK293T cells were transfected with control or β-TrCP siRNA, and/or HA-ub, and treated 

with MG132, followed by IP and Western blot analysis with the indicated antibodies. (I) In 
vivo ubiquitination of KDM4C by β-TrCP. HEK293T cells were transfected with the 

indicated plasmids and then treated with MG132 and/or Wnt3a, or BIO, followed by IP and 

Western blot analysis with the indicated antibodies. (J) In vitro ubiquitination of KDM4C by 

β-TrCP. Flag-KDM4C protein was purified from SW1783 cells transfected with Flag-

KDM4C plasmid. The in vitro ubiquitination assay was performed using Flag-KDM4C, E1, 

E2, HA-ub, and β-TrCP.
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Figure 5. KDM4C serine 918 (S918) phosphorylation is required for β-TrCP to recognize the 
degron.
(A) SW1783 cells were treated with or without 50 ng/ml Wnt3a in the presence of MG132. 

IP was performed using β-TrCP antibody. (B) GSC11 cells were transfected with or without 

GSK3β CA mutant, and treated with MG132. IP was performed using KDM4C antibody. 

(C) Schematic structure of full-length or truncated KDM4C. (D) β-TrCP specifically 

interacts with the C-terminal of KDM4C. HEK293T cells were transfected with vector, full-

length (F), N-terminal (N), middle (M), or C-terminal (C) of HA-KDM4C plasmids and 

treated with MG132. IP was performed with HA antibody. (E) HEK293T cells were 

transfected with Myc-ubiquitin with wild-type or mutant HA-KDM4C plasmids and treated 

with MG132. IP was performed with HA antibody. (F) Degradation of wild-type and S918A 
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mutant KDM4C. HEK293T cells were transfected with wild-type or mutant KDM4C 

plasmids and treated with 100 ng/ml CHX, followed by Western blotting. Data are means ± 

SD of three independent quantifications, **P < 0.01. (G) KDM4C degron recognized by β-

TrCP. HEK293T cells were transfected with wild-type or mutant HA-KDM4C plasmids and 

treated with MG132. IP was performed with HA antibody.
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Figure 6. Wnt inhibits serine 918 phosphorylation of KDM4C by protein kinase R (PKR), which 
is critical for the interaction of β-TrCP and KDM4C.
(A) HEK293T cells were transfected with control or PKR siRNA and treated with 100 ng/ml 

CHX for 0, 3, and 6 hours, followed by Western blot analysis with the indicated antibodies. 

(B, C) HEK293T cells overexpressing wild-type or S918A KDM4C were transfected with 

siPKR (B) or treated with Wnt3a (C). IP was performed with HA antibody. (D) SW1783 

cells were treated with Wnt3a, followed by Western blot analysis with the indicated 

antibodies. (E) Representative confocal imaging of KDM4C, PKR and β-catenin in LN229 

cells that were treated with or without Wnt3a using the indicated antibodies. (F) HEK293T 

cells were transfected with control or PKR siRNA and treated with MG132. IP was 
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performed with KDM4C antibody. (G) Wild-type and double-knockout GSK3α/β mouse 

stem cells were treated with or without Wnt3a, followed by Western blot analysis with the 

indicated antibodies. (H) HEK293T and SW1783 cells were transfected with GSK3β CA 

mutant or vector. Western blot analysis was performed with the indicated antibodies. (I) 
HEK293T cells were transfected with control or PKR siRNA, with or without GSK3β CA 

mutant. Western blot analysis was performed with the indicated antibodies. (J) HEK293T 

cells co-transfected with HA-ub, PKR siRNA, and/or GSK3β CA mutant, were treated with 

MG132. IP was performed with KDM4C antibody. (K) HEK293T cells were co-transfected 

with HA-ub and/or PKR siRNA, and treated with MG132 and/or Wnt3a. IP was performed 

with KDM4C antibody.
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Figure 7. KDM4C is essential for Wnt-mediated cell proliferation and tumorigenesis.
(A) Cell proliferation of SW1783 cells stably expressing shControl, shKDM4C-1 or -3, 

treated with or without Wnt3a. n=6. Data represent mean ± SEM of three independent 

experiments. ***P < 0.001. (B) Cell proliferation of HEK293T and LN229 cells at 48 hours 

after transfection with siCon or siKDM4C and treated with Wnt3a. n=6. Data represent 

mean ± SEM of three independent experiments. ***P < 0.001. (C) Cell proliferation of 

GSC11 and GSC20 cells at 48 hours after transfection with siCon or siKDM4C and 

treatment with 100 ng/ml DKK1. n=6. Data represent mean ± SEM of three independent 

experiments. ***P < 0.001. (D, E) GSC11 (D) or GSC20 (E)-shCon, -shKDM4C (sh4C-1 

and sh4C-3), -shKDM4C + shRNA-resistant KDM4C (sh4C-1+4C-shR), or -shKDM4C + 
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shRNA-resistant KDM4C + shβ-catenin (sh4C-1+4C-shR+shβ-catenin) cells were injected 

into the brains of nude mice (n = 8; 5 × 105 cells/ mouse). Brain sections stained with 

hematoxylin and eosin (H&E) show representative tumor xenografts. Tumor volumes were 

calculated using the formula V = ab2/2, where a and b are the tumor’s length and width, 

respectively. Data represent mean ± SD from eight mice. (F, G) SW1783-Wnt3a (F) or 

HS683-Wnt3a (G) cells were established via infection with control, shKDM4C, KDM4C-

shR wild-type (WT, shRNA-resistant KDM4C), or enzymatic mutant (Mut, shRNA-resistant 

H190A/E192A KDM4C) lentivirus, and were injected into the brains of nude mice (n = 8; 5 

× 105 cells/ mouse). Brain sections stained with H&E show representative tumor xenografts. 

Data represent mean ± SD from eight mice. (H, I) Tumor growth (H) and Kaplan-Meier 

analysis (I) of SW1783-Wnt3a cells expressing inducible (tet-on) shKDM4C-1 or 

shKDM4C-3 implanted into mice brains (n = 8; 5 × 105 cells/per mouse). Mice were 

intraperitoneally injected with 5 mg/kg doxycycline every other day. Brain sections stained 

with H&E show representative tumor xenografts. Data represent mean ± SD results from 

eight mice.
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