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Activation of AKT induces
EZH2-mediated b-catenin trimethylation
in colorectal cancer

Ahmed H. Ghobashi,1,2 Truc T. Vuong,2,3 Jane W. Kimani,2 Christopher A. Ladaika,1,2 Peter C. Hollenhorst,2,3,4,5

and Heather M. O’Hagan2,3,4,6,7,*
SUMMARY

Colorectal cancer (CRC) develops in part through the deregulation of different signaling pathways,
including activation of the WNT/b-catenin and PI3K/AKT pathways. Additionally, the lysine methyltrans-
ferase enhancer of zeste homologue 2 (EZH2) is commonly overexpressed in CRC. EZH2 canonically re-
presses gene transcription by trimethylating lysine 27 of histone H3, but also has non-histone substrates.
Here, we demonstrated that in CRC, active AKT phosphorylated EZH2 on serine 21. Phosphorylation of
EZH2 by AKT induced EZH2 to interact with and methylate b-catenin at lysine 49, which increased b-cat-
enin’s binding to the chromatin. Additionally, EZH2-mediated b-catenin trimethylation induced b-catenin
to interact with TCF1 and RNA polymerase II and resulted in dramatic gains in genomic regions with b-cat-
enin occupancy. EZH2 catalytic inhibition decreased stemness but increased migratory phenotypes of
CRC cells with active AKT. Overall, we demonstrated that EZH2 modulates AKT-induced changes in
gene expression through the AKT/EZH2/b-catenin axis in CRC.

INTRODUCTION

Colorectal cancer (CRC) is the third leading cause of cancer-related mortalities in the US.1 CRC develops in part through the deregulation of

different signaling pathways, including activation of the WNT/b-catenin and PI3K/AKT pathways.2,3 Activating mutations in the WNT/b-cat-

enin pathway occur in almost 90% of CRCs and are key initiating and promoting events in CRC development.4 Activation of theWNT pathway

results in b-catenin accumulation in the nucleus where it binds to T cell factor (TCF) transcription factors to activate gene expression.5 Muta-

tions in the PI3K/AKT pathway are critical for invasive properties andmalignant transformation in CRC.6 The twomost common genetic PI3K/

AKT pathway alterations in CRC are activating mutations in the PI3K catalytic subunit gene PIK3CA or loss of the pathway suppressor PTEN.7

PTEN loss occurs in approximately 30% of CRCs and has been functionally implicated in CRC proliferation and progression.8 Additionally,

chronic inflammation is a major risk factor for CRC development and the PI3K/AKT pathway can also be activated by reactive oxygen species

(ROS) generated by activated immune cells at inflammatory sites.9,10

Polycomb repressive complex 2 (PRC2) is a chromatin regulator that is involved in human development, tissue homeostasis, and

cancer.11,12 Core components of PRC2 include EZH2 (enhancer of zeste homolog 2), Suz12 (suppressor of zeste 12), and EED (embryonic ecto-

derm development).11 EZH2 functions as a lysinemethyltransferase and EZH2-containing PRC2 canonically catalyzes trimethylation of histone

3 at lysine 27 (H3K27me3), which leads to chromatin compaction and transcriptional repression.13 H3K27me3 is involved in establishing chro-

matin domains that maintain transcriptional repression of hundreds of lineage-specific genes, reinforcing the maintenance of the current

gene expression program and upholding cell identity.14,15 Initial studies showed that EZH2 acts as an oncogene by promoting cancer pro-

liferation and progression.16 However, other studies revealed tumor suppressive functions of EZH2, highlighting unanticipated complexity of

the role of PRC2 in cancer.17 Additionally, whereas EZH2 was consistently reported to be overexpressed in colon cancers, EZH2 expression

levels have been found to be correlated positively or negatively with the survival of CRC patients depending on the study.18,19 These conflict-

ing results suggest that there are context-dependent functions of EZH2 in cancer.

Emerging studies suggest that EZH2 can act noncanonically to regulate gene expression. For example, EZH2 interacts with and meth-

ylates various transcription factors, including androgen receptor (AR), GATA Binding Protein 4 (GATA4), related orphan receptor A
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Figure 1. AKT activation mediates EZH2 phosphorylation at Serine 21

(A) Western blots of AKT immunoprecipitations (IP) performed using nuclear lysates prepared from EZH2 knockdown (KD) and empty vector (EV) SW480 cells

untreated or treated with 250 mM H2O2 for 30 min. See Figure S1A for western blots of nuclear lysates used for IP (input) and total protein prior to cellular

fractionation (whole-cell extract-WCE).

(B) EZH2 IP performed using nuclear lysates prepared from SW480 cells untreated or treated with 10 mMAKT inhibitor (AKTi, GSK-690693) for 48 h followed by no

additional treatment or co-treatment with 250 mM H2O2 for 30 min.

(C) HA IP performed using nuclear lysates prepared from HA-EZH2 wildtype (WT) and HA-EZH2 phospho-null (PN) S21A expressing SW480 cells treated as in A.

(D) AKT IP performed using nuclear lysates prepared from empty vector (EV) and PTEN knockdown (KD) Caco2 cells.

(E) AKT IP performed using nuclear lysates prepared from EV and PTEN KD RKO cells. See also Figure S1.
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(RORa), signal transducer and activator of transcription 3 (STAT3) and b-catenin, which either positively or negatively regulates their tran-

scriptional activity.20–24 For example, EZH2-mediated methylation of STAT3 and GATA4 enhances and represses, respectively, the tran-

scriptional activity of these transcription factors.20,23 Additionally, phosphorylation of EZH2 at Serine 21 (pS21-EZH2) by AKT has been

shown to mediate the noncanonical roles of EZH2 in several of these studies. For example, AKT-mediated pS21-EZH2 induces EZH2

to interact with AR and STAT3 to induce the transcriptional activity of these transcription factors in prostate cancer and glioblastoma

stem cells, respectively.21,23

Here, we investigated the non-canonical role of EZH2 in CRC.We show that, following activation of the PI3K/AKT pathway, AKT phosphor-

ylates EZH2. We further demonstrate that phosphorylation of EZH2 by active AKT is required for EZH2 to interact with and methylate b-cat-

enin, a key factor in CRC.Methylation of b-catenin regulates its transcriptional activity such that it has increased genome-wide chromatin bind-

ing and increased interaction with TCF1 and RNA polymerase II (RNAPII). Our work suggests that following phosphorylation by AKT, EZH2

fine-tunes b-catenin’s transcriptional activity resulting in modulation of the expression of genes involved in cell migration and metabolic

processes.

RESULTS

AKT activation mediates EZH2 phosphorylation at serine 21

Because AKT has previously been demonstrated to regulate EZH2 in other cancer types21,23 and the PI3K/AKT pathway is commonly activated

in CRC,8 we explored connections between AKT activity and EZH2 in CRC. To experimentally determine if AKT regulates EZH2 in CRC, we

activated AKT by H2O2 treatment, which resulted in increased interaction between AKT and EZH2 in SW480 and RKO CRC cell lines and CRC

organoids (Figure 1A - whole-cell extract and input in S1A, S1B, S1C). As a negative control, EZH2 was not detected in AKT immunoprecip-

itations (IPs) from H2O2-treated EZH2 knockdown (KD) cells and EZH2 KD did not alter the H2O2-induced increase in whole-cell levels of AKT
2 iScience 26, 107630, September 15, 2023
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phosphorylated on serine 473 (pS473-AKT) (Figures 1A and S1A). AKT phosphorylates EZH2 at Serine 21 (S21) to regulate EZH2’s activity in

prostate cancer and glioblastoma stem cells.21,23 To test if EZH2 is phosphorylated by AKT in CRC, we utilized an anti-pAKT substrate anti-

body, which recognizes the phosphorylated consensus sequence in AKT substrates (RXXS*/T*). Anti-pAKT substrate signal at EZH2’s ex-

pected size was increased in EZH2 IPs from H2O2 -treated compared to untreated SW480 cells and CRC organoids (Figures 1B and S1D).

The H2O2-induced increase in the EZH2 anti-pAKT substrate signal was blocked when cells were co-treated with AKT inhibitor

(GSK690693) and H2O2, suggesting that the increase in phosphorylated EZH2 following H2O2 is caused by AKT activity (Figure 1B). AKT in-

hibitor treatment did not alter EZH2 levels in the nuclear lysates used for the IPs (input; Figure 1B). To determine if EZH2 phosphorylation is

occurring at S21, we performed anti-HA IPs in SW480 cells transfected with HA-tagged EZH2wild type (WT) andHA-tagged EZH2 S21A phos-

pho-null (PN) plasmids. The EZH2 pAKT substrate band was detected in HA-EZH2 WT but not in HA-EZH2 S21A IPs from cells treated with

H2O2 (Figure 1C).

PTEN loss, which activates the PI3K/AKT pathway, is also common in CRC.8 Interestingly, we identified a significant negative correlation

between PTEN and EZH2 expression in TCGA CRC samples (Figure S1E). As expected, PTEN KD in SW480 cells induced AKT phosphory-

lation (Figure S1F). Therefore, we performed additional experiments in PTEN KD cells to complement our findings using H2O2 treatment.

Like H2O2 treatment, PTEN KD in SW480 cells increased the interaction between EZH2 and AKT compared to empty vector (EV) KD cells

(Figure S1G). In addition, activation of AKT via PTEN KD increased AKT interaction with EZH2 in additional CRC cell lines, Caco2, RKO

and Lovo (Figures 1D, 1E, and S1H). AKT activation by H2O2 treatment or PTEN KD did not alter global H3K27me3 levels in any cell line

tested (Figures 1C–1E). Altogether, these results suggest that AKT activation in CRC induces AKT to interact with and phosphorylate

EZH2 at S21.

AKT-mediated EZH2 phosphorylation at S21 induces EZH2 to interact with RNAPII

EZH2 phosphorylation at S21 induces EZH2 to act as a transcriptional coactivator in other cancer types.21,23 To preliminarily determine if AKT

activation switches EZH2’s function to become non-canonically involved in transcriptional activation, we tested if EZH2 interacts with RPB1,

the largest subunit of the RNAPII complex. Treating SW480 cells with H2O2 induced EZH2 to interact with RNAPII without altering RNAPII or

EZH2 protein levels in the whole-cell extracts (WCE) or nuclear input fractions (Figures 2A, 2B, and S2A). Interestingly, inhibiting AKT activity

abolished the H2O2-induced increase in interaction between EZH2 and RNAPII (Figure 2B). As a control for the effectiveness of AKT inhibition,

AKT inhibitor-treated samples had decreased levels of phosphorylatedGSK3b, a known substrate for AKT, in input and whole-cell fractions as

compared to non-inhibitor-treated samples (Figure S2A). For the IPs in Figures 2A and 2B, RNaseA was added to the nuclear lysates to

exclude the possibility that EZH2 was interacting with RNAPII through RNA bridging as has been shown previously.25,26 PTEN KD also

increased the interaction of EZH2 with RNAPII in SW480 cells (Figure S2B). Additionally, H2O2 increased the interaction of AKT with

RNAPII (Figure 2C). However, EZH2 KD decreased the H2O2-induced AKT-RNAPII interaction without altering total RNAPII or AKT levels

in the nuclear input fractions (Figure 2C). Finally, to determine if EZH2 phosphorylation at S21 drives EZH2 to interact with RNAPII, HA IPs

were performed in SW480 cells expressing similar levels of HA-EZH2 WT or HA-EZH2 S21A. Intriguingly, RNAPII was detected in HA-EZH2

WT but not in HA-EZH2 S21A IPs from cells treated with H2O2 (Figure 2D). Altogether, these data suggest that phosphorylation of EZH2

at S21 via AKT induces EZH2 to interact with RNAPII.

AKT-mediated EZH2 phosphorylation induces EZH2’s interaction with b-catenin

In prostate cancer, EZH2 phosphorylation at S21 promotes its interaction with androgen receptor (AR) to induce AR’s transcriptional activity.21

Because the WNT/b-catenin pathway is hyperactive in almost 90% of CRCs,4 we tested whether AKT-induced phosphorylation of EZH2

induced EZH2 to interact with b-catenin and if EZH2mediated b-catenin’s interaction with RNAPII in CRC. AKT activation by either H2O2 treat-

ment or PTEN KD increased the interaction between b-catenin and EZH2 in SW480 cells, CRC organoids, RKO, Caco2, HEK293T, and Lovo

cells (Figures 3A–3D, S3A, and S3B). H2O2 and PTENKDdid not alter b-catenin levels in the nuclear input fractions in any of the cell lines tested

(Figures 3A, 3C, 3D, S3A, and S3B). However, b-catenin levels were increased in the nuclear input fraction prepared from CRC organoid cells

following H2O2 treatment (Figure 3B).

Based on our findings so far, we hypothesized that EZH2 regulates b-catenin’s interaction with the transcriptional machinery. H2O2 and

PTEN KD induced an increase in interaction between b-catenin and RNAPII compared to untreated cells (Figure S3C). To determine if

EZH2 played a role in this interaction, we treated EV and EZH2 KD SW480 cells with H2O2, which increased b-catenin’s interaction with

RNAPII and EZH2 in EV cells (Figure 3E). EZH2 KD reduced the H2O2-induced interaction between b-catenin and RNAPII without altering

RNAPII levels in the nuclear input fraction (Figure 3E). As a control, EZH2 was not detected in b-catenin IPs in EZH2 KD cells (Figure 3E).

Furthermore, treating SW480 cells with an EZH2 inhibitor (GSK503, EZH2i) blocked the PTEN KD-mediated b-catenin-RNAPII interaction (Fig-

ure 3F). We hypothesized that AKT activation is required for EZH2 to interact with b-catenin and RNAPII. Consistent with this hypothesis, in-

hibiting AKT activity reduced the interaction of b-catenin with RNAPII and EZH2 after H2O2 treatment without affecting the levels of EZH2,

RNAPII, or b-catenin in the whole-cell extract fraction (Figure S3D). To test whether EZH2 phosphorylation at S21, which is mediated by

AKT, drives EZH2 to interact with b-catenin, we transfected SW480 cells with HA-tagged WT and phosphorylation null EZH2 constructs

and performed anti-HA IPs. Interestingly, H2O2 treatment and PTEN KD induced HA-EZH2 WT but not HA-EZH2 S21A to interact with b-cat-

enin (Figures 3G and S3E). These data suggest that phosphorylation of EZH2 at S21 via active AKT induces EZH2 to interact with RNAPII and

b-catenin. In addition, b-catenin’s interaction with RNAPII likely requires EZH2 enzymatic activity because inhibiting EZH2 activity blocked the

AKT activity-dependent interaction between b-catenin and RNAPII.
iScience 26, 107630, September 15, 2023 3



Figure 2. AKT-mediated EZH2 phosphorylation at S21 induces EZH2 to interact with RNAPII

(A) Western blots of EZH2 immunoprecipitations (IP) performed using nuclear lysates prepared from SW480 cells untreated or treated with 250 mM H2O2 for

30 min. IP with IgG serves as a negative control. Input is nuclear lysates used for IP.

(B) EZH2 IP performed using nuclear lysates prepared from SW480 cells treated with 10 mM AKT inhibitor (AKTi, GSK-690693) or DMSO for 48 h followed by no

additional treatment or co-treatment with 250 mMH2O2 for 30 min. IP with beads only serves as a negative control. See Figure S2A for western blots of whole-cell

extract (WCE) and input.

(C) AKT IP performed using nuclear lysates prepared from EZH2 knockdown (KD) and empty vector (EV) SW480 cells treated as in A.

(D) HA IP performed using nuclear lysates prepared fromHA-EZH2 wildtype (WT) andHA-EZH2 phospho-null (PN) S21A expressing SW480 cells treated as in A. IP

with IgG serves as a negative control. See also Figure S2.
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EZH2 mediates b-catenin trimethylation at K49

EZH2 has been reported to methylate lysines of non-histone proteins, including Lysine 49 (K49) of b-catenin,20,22–24 and we have determined

that AKT activation induced EZH2 to interact with b-catenin. To test if H2O2 or/and PTEN KD induces b-catenin tri-methylation at K49, we

utilized FLAG-tagged constructs of WT b-catenin or a b-catenin mutant that is methylation null at K49. IPs using an anti-trimethyl lysine anti-

body showed FLAG signal at the expected size of b-catenin being increased in IPs from H2O2 treated and PTEN KD cells expressing FLAG-

b-catenin WT but not FLAG-b-catenin K49R relative to their respective controls (Figures 4A and 4B). These results suggested that the trime-

thylation of b-catenin was occurring at K49 in response to AKT activation. Our finding that AKT activation induced EZH2 to interact with

b-catenin (Figure 2) led us to hypothesize that b-catenin trimethylation is mediated by EZH2. FLAG IPs in SW480 cells transfected with

FLAG-b-catenin WT and b-catenin IPs in EV and PTEN KD cells confirmed that H2O2 and PTEN KD increased b-catenin trimethylation

(Figures S4 and 4C). Consistent with our hypothesis, EZH2 inhibition reduced H2O2 and PTEN KD-mediated b-catenin trimethylation without

altering total levels of FLAG-b-catenin or b-catenin (Figures S4 and 4C). These results suggest that activation of AKT induces EZH2 to interact

with and trimethylate b-catenin at K49.

EZH2-mediated trimethylation of b-catenin induces b-catenin to interact with TCF1 and RNAPII

During WNT pathway activation, b-catenin interacts with TCF proteins to induce WNT target gene expression.27 TCF IPs showed that PTEN

KD induced TCF1 to interact with b-catenin (Figure 5A). b-catenin and FLAG IPs in SW480 cells also demonstrated that PTEN KD and H2O2
4 iScience 26, 107630, September 15, 2023



Figure 3. AKT-mediated EZH2 phosphorylation induces EZH2’s interaction with b-catenin

(A) Western blots of EZH2 immunoprecipitations (IP) performed using nuclear lysates prepared from SW480 cells untreated or treated with 250 mM H2O2 for

30 min. IgG IP serves as a negative control. Input is nuclear lysates used for IP.

(B) EZH2 IP performed using nuclear lysates prepared from human colorectal cancer organoids treated as in A.

(C and D) b-catenin IP performed using nuclear lysates prepared from empty vector (EV) and PTEN knockdown (KD) RKO (C) and Caco2 (D) cells.

(E) b-catenin IP performed using nuclear lysates prepared from EZH2 KD and EV SW480 cells treated as in A.

(F) b-catenin IP performed using nuclear lysates prepared from PTENKD and EV SW480 cells treated with 2 mMEZH2 inhibitor (EZH2i, GSK-503) or DMSO for 72 h.

(G) HA IP performed using nuclear lysates prepared from HA-EZH2 wildtype (WT) and HA-EZH2 phospho-null (PN) S21A expressing SW480 cells treated as in A.

See also Figure S3.
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treatment induced TCF1 interaction with b-catenin (Figures 5B and 5C). EZH2 inhibition reduced the PTEN KD and H2O2–induced b-catenin

interaction with TCF1 (Figures 5A–5C). Because EZH2 inhibition reduced the interaction of b-catenin and TCF1, we hypothesized that this

interaction is promoted by EZH2 trimethylating b-catenin. To test this hypothesis, FLAG IPs were performed in SW480 cells expressing similar

levels of FLAG-b-cateninWT and FLAG-b-catenin K49R. H2O2 treatment increased the interaction of FLAG-b-cateninWT but not FLAG-b-cat-

enin K49R with TCF1 (Figure 5D). Similarly, PTENKD slightly increased the interaction of FLAG-b-cateninWTwith TCF1 relative to EV whereas

the interaction between FLAG-b-catenin K49R and TCF1 was reduced relative to FLAG-b-catenin WT in EV and PTEN KD cells (Figure S5A).

Additionally, FLAG-b-catenin K49R had reduced interaction with RNAPII as compared to FLAG-b-catenin WT in PTEN KD SW480 cells (Fig-

ure 5E). Altogether, these findings suggest that EZH2-mediated trimethylation of b-catenin induces b-catenin’s interaction with RNAPII and

TCF1 after AKT activation.

To confirm our hypothesis that AKT activation induces AKT to interact with and phosphorylate EZH2, we induced AKT activation by per-

forming base editing of the PIK3CA genomic loci. Glutamic acid was replaced by lysine at 453 or 545 (E453K or E545K) (Figure S5B) producing

common gain of function mutations of PIK3CA that resulted in increased pAKT levels (Figure S5C). SW480 cells harboring the PIK3CA E453K

or E545K mutation had increased EZH2 interaction with and phosphorylation by AKT relative to control EV SW480 cells with WT PIK3CA (Fig-

ure S5D). PIK3CA E453K and E545K cells also had increased interaction of b-catenin with RNAPII, EZH2, and TCF1 relative to EV control cells

(Figure S5E).

EZH2 phosphorylation increases its binding to chromatin

Next, we wanted to determine how the AKT-EZH2-b-catenin axis altered the binding of these proteins to chromatin. Because we demon-

strated that phosphorylation of EZH2 at S21 by AKT caused EZH2 to interact with RNAPII and b-catenin (Figures 2D and 3G), we tested

whether S21 phosphorylation of EZH2 affected EZH2’s binding to chromatin. EZH2 KD SW480 cells were rescued with HA-EZH2 WT, HA-

EZH2 S21A, or EV followed by H2O2 treatment. H2O2 treatment increased EZH2 levels relative to mock treatment in the chromatin fraction
iScience 26, 107630, September 15, 2023 5



Figure 4. EZH2 mediates b-catenin trimethylation at K49

(A) Trimethyl lysine (Me3-K) immunoprecipitation (IP) performed using nuclear lysates prepared from Flag b-catenin WT and Flag b-catenin K49R expressing

SW480 cells treated with 250 mM H2O2 for 30 min and Flag b-catenin WT expressing untreated cells. Input is nuclear lysates used for IP. IP with IgG serves as

a negative control.

(B) Trimethyl lysine (Me3-K) IP performed using nuclear lysates prepared from Flag b-catenin WT and Flag b-catenin K49R expressing PTEN knockdown (KD) and

empty vector (EV) SW480 cells. IP with beads only serves as a negative control.

(C) b-catenin IP preformed using nuclear lysates prepared from EV or PTEN KD SW480 cells treated with 2 mMEZH2 inhibitor (EZH2i, GSK-503) or DMSO for 72 h.

See also Figure S4.
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isolated fromHA-EZH2WT-expressing cells (Figure 6A). Chromatin-boundEZH2was not detected in cells expressing eitherHA-EZH2 S21Aor

EV even though levels of EZH2 in the whole-cell fraction were similar between HA-EZH2WT and HA-EZH2 S21A expressing cells (Figure 6A).

Additionally, EZH2 levels were higher in the chromatin fraction of cells rescued with an EZH2 phospho-mimetic mutant construct, HA-EZH2

S21D, relative to cells rescuedwith HA-EZH2WT or EV (Figure 6B). EZH2 KD SW480 cells expressing HA-EZH2WT also had increased levels of

chromatin-bound TCF1 after H2O2 treatment than mock-treated or HA-EZH2 S21A expressing cells (Figure 6A). We next tested if the binding

of RNAPII and/or TCF1 to chromatin is dependent on AKT and/or EZH2 catalytic activity as we have shown the activity of these enzymes is

required for b-catenin to interact with RNAPII and TCF1. Treating cells with AKT or EZH2 inhibitors blocked the H2O2-induced increase of

RNAPII and TCF1 levels in the chromatin fractionbut hadminimal effect on the chromatin levels of theseproteins in untreated cells (Figure 6C).

While AKT and EZH2 inhibitors did not alter the levels of RNAPII in whole-cell fractions, they reduced the total level of TCF1 (Figure 6C).

Because we have shown that the interaction of b-catenin with TCF1 and RNAPII is dependent on b-catenin’s methylation by EZH2

(Figures 3E, 3F, and 5), we tested if trimethylation of b-catenin alters b-catenin’s chromatin binding. Interestingly, PTEN KD induced an in-

crease in FLAG-b-catenin WT but not FLAG-b-catenin K49R levels in the chromatin fraction (Figure 6D). Altogether, these results suggest

that phosphorylation of EZH2 by AKT regulates EZH2’s binding to chromatin. Additionally, EZH2-mediated b-catenin trimethylation regulates

b-catenin’s binding to chromatin.

EZH2 inhibition blocks the PTEN knockdown-induced increase in b-catenin enrichment over the genome

We previously demonstrated that phosphorylation of EZH2 at S21 increased EZH2’s binding to chromatin (Figure 6A). To determine how

phosphorylation alters the genome-wide binding pattern of EZH2, CUT&RUN for HA-tagged EZH2 in PTEN KD and EV SW480 cells trans-

fectedwithHA-EZH2WTor HA-EZH2 S21Awas performed. A portion of the calledHA-EZH2WTpeaks in PTENKDoverlappedwith the called

peaks in EV cells (84 peaks; Figure 7A, top). A larger portion of the called HA-EZH2 WT peaks were specific for PTEN KD SW480 cells (942

peaks; Figure 7A, bottom). There were only 64 HA-EZH2 WT peaks uniquely called in EV cells. Cells transfected with HA-EZH2 S21A had a

very low number of called peaks in EV (40 peaks) and PTEN KD (41 peaks) samples, the majority of which were also present in the HA-

EZH2 WT samples (Figure 7A). These data confirmed our hypothesis that phosphorylation of EZH2 by AKT increases EZH2 binding to chro-

matin. Our chromatin data suggested that EZH2-mediated b-catenin trimethylation increased b-catenin binding to the chromatin (Figure 6D).
6 iScience 26, 107630, September 15, 2023



Figure 5. EZH2-mediated trimethylation of b-catenin induces b-catenin to interact with TCF1 and RNAPII

(A) Western blots of TCF1 immunoprecipitation (IP) performed using nuclear lysates prepared from PTEN knockdown (KD) and empty vector (EV) SW480 cells

treated with 1 mM EZH2 inhibitor (EZH2i, GSK-503) or DMSO for 72 h. IgG IP serves as a negative control. Input is nuclear lysates used for IP.

(B) b-catenin IP performed using nuclear lysate prepared from PTEN KD and EV SW480 cells.

(C) Flag IP performed using nuclear lysates prepared from Flag-tagged b-catenin WT expressing SW480 cells treated with 1 mMEZH2 inhibitor (EZH2i, GSK-503)

or DMSO for 72 h with or without co-treatment with 250 mM H2O2 for 30 min. Cells not expressing Flag plasmid were used as a negative control for the IP.

(D) Flag IPs were performed using nuclear lysate prepared from FLAG-b-catenin WT and FLAG-b-catenin K49R expressing SW480 cells. IP with beads only serves

as a negative control.

(E) Flag IP performed using nuclear lysates prepared from FLAG-b-catenin WT and FLAG-b-catenin K49R expressing PTEN KD or EV SW480 cells. See also

Figure S5.
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To systematically define the genome-wide enrichment pattern of b-catenin, ChIP-seq for FLAG-tagged b-catenin was performed in EV and

PTEN KD SW480 cells. PTEN KD increased the enrichment of FLAG-b-catenin over the chromatin in an EZH2 activity-dependent manner

(Figures 7C and S6A). Similar to HA-tagged EZH2, a portion of the called FLAG-b-catenin peaks in PTEN KD cells overlapped with FLAG-

tagged b-catenin peaks in EV cells (2525 peaks; Figure 7B, middle). A larger portion of the called FLAG-tagged b-catenin peaks were specific

only for PTEN KD cells (8453 peaks; Figure 7B, bottom). There were an additional 2323 FLAG-tagged b-catenin peaks uniquely called in EV

cells (Figure 7B, top). Inhibiting EZH2 drastically reduced the number of called FLAG-b-catenin peaks in EV and PTEN KD cells to 58 and 288

peaks, respectively, all of which were also present in the non-inhibitor treated samples (Figure 7B). Profile plots of the FLAG-tagged b-catenin

peaks demonstrated increased enrichment in PTENKD cells relative to EV cells, which was further decreased in EZH2 inhibitor-treated EV and

PTEN KD cells (Figure 7C). This finding was consistent in a second ChIP-seq experiment (Figure S6A). Altogether, these data suggest that
iScience 26, 107630, September 15, 2023 7



Figure 6. Phosphorylation of EZH2 increases its binding to chromatin

(A) Western blots of chromatin lysate prepared from HA-EZH2 wildtype (WT), HA-EZH2 phospho-null (PN) S21A and HA-empty vector (EV) expressing SW480

cells treated with 250 mM H2O2 for 30 min. Whole-cell extract (WCE) serves as a control for the chromatin extract.

(B) Western blots of chromatin lysate prepared from HA-EZH2 WT, HA-EZH2 S21D and HA-EV expressing SW480 cells.

(C) Western blots of chromatin lysate prepared from SW480 cells untreated and treated with 1 mM EZH2 inhibitor (EZH2i, GSK-503) for 72 h or with 10 mM AKT

inhibitor (AKTi, GSK-690693) for 48 h and followed by no additional treatment or co-treatment with 250 mM H2O2 for 30 min.

(D) Western blots of chromatin lysate prepared from FLAG-b-catenin WT and FLAG-b-catenin K49R expressing PTEN knockdown (KD) and EV expressing SW480

cells. WCE serves as a control for chromatin extract.
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EZH2 phosphorylation and subsequent b-catenin trimethylation increases the enrichment of EZH2 and b-catenin at numerous loci across the

genome.

Increased enrichment of b-catenin across the genome regulates gene expression

To determine the impact of the AKT-EZH2-b-catenin axis on transcription, we performed RNA-seq with and without EZH2 inhibition in EV and

PTEN KD SW480 cells. PTEN KD resulted in 265 upregulated and 141 downregulated genes compared to EV (|log 2FC|>0.5; p < 0.05; Fig-

ure S6B). As expected, PTEN KD upregulated the expression of genes involved in the PI3K-AKT pathway whereas PTEN KD downregulated

genes were involved in metabolic processes such as fatty acid metabolism (Figure S6C). Inhibiting EZH2 activity altered the expression of

PTEN KD-regulated genes (Figure 7D). Therefore, we manually clustered PTEN KD-regulated genes into four clusters based on the effect

of the EZH2 inhibitor on their expression. In cluster one, EZH2 inhibition reduced the expression of PTEN KD-upregulated genes (Figure 7D).

GO analysis of genes in this cluster showed enrichment of pathways related to cell signaling and transcription initiation (Figure S6D). In cluster

two, we detected a further increase in the expression of PTEN KD-upregulated genes in response to the EZH2 inhibitor (Figure 7D). GO anal-

ysis of this cluster indicated enrichment of pathways related to tissue morphogenesis, cell migration, and epithelial-to-mesenchymal transi-

tion (EMT) (Figure S6D). While the EZH2 inhibitor increased the expression of PTEN KD downregulated genes in cluster three, it further

reduced gene expression of PTEN KD downregulated genes in cluster four (Figure 7D). GO analysis of these two clusters showed enrichment

of pathways associated with different metabolic processes (Figure S6D).

Through the integration of genomic binding and RNA-seq profiles, we determined 25, 51, 14, and 11 genes from clusters 1, 2, 3, and 4,

respectively, that exhibited increased binding of FLAG-b-catenin in PTEN KD cells (Figure S6E), as exemplified by MYBPC2 from cluster 1,

FGF3 from cluster 2, STEAP3 from cluster 3, and ZNF438 from cluster 4 (Figure S7A). We also determined that 263 peaks had increased bind-

ing of both b-catenin and EZH2 in PTEN KD relative to EV cells such as NTM (Figure S7B). Additionally, a small number of EZH2 peaks over-

lapped with differentially expressed genes in response to PTEN KD as exemplified by P2RX5 andCLSTN2 (Figure S7C). However, themajority

of EZH2 peaks gained in PTEN KD cells did not overlap with FLAG-b-catenin peaks and were not associated with differentially expressed

genes in PTEN KD cells. Altogether these results suggest that EZH2-mediated b-catenin trimethylation fine-tunes the transcriptional activity

of b-catenin to regulate gene expression in PTEN KD SW480 cells.
8 iScience 26, 107630, September 15, 2023
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Figure 7. EZH2 inhibition blocks the PTEN knockdown-induced increase in b-catenin enrichment over the genome

(A) Metagenomic heatmap for HA CUT&RUN prepared from HA-EZH2 wildtype (WT) and HA-EZH2 S21A expressing PTEN knockdown (KD) and empty vector

(EV) SW480 cells.

(B) Metagenomic heatmap for FLAG ChIP-seq prepared from FLAG-b-catenin WT and FLAG-b-catenin K49R expressing PTEN KD and EV expressing SW480

cells.

(C) Average ChIP-seq read intensity for all peaks shown in B.

(D) Heatmap for differentially expressed genes (DEGs) in PTEN KD versus EV clustered manually based on the effect of EZH2 inhibitor (GSK503, 1 mM, 72 h).

(E) ALDEFLUOR assay showing the percentage of ALDH+ cells in cells treated as in D. Red lines indicate mean +/� SEM.

(F) Brightfield images of spheroids following treatment as in D. Scale bar = 2000 microns.

(G) Quantification of spheroids normalized to spheroids counts for untreated EV cells. Results are represented as mean of 3 biological replicates +/� SEM.

(H) Barplot for the hallmark analysis of DEGs in cluster 2.

(I) Gene expression of the indicated genes by RT-qPCR in SW480, LS174T and RKO cells treated as in D. Expression of all the genes was normalized to the house

keeping gene RHOA and then to untreated EV cells. Results are represented as mean of 3 biological replicates +/� SEM.

(J) EV and PTEN KD cells were treated with DMSO or 2 mM EZH2 inhibitor (EZH2i, GSK-503) for 72 h followed by plating cells in the upper chamber of a transwell

insert. Brightfield images of crystal violet–stained migrated cells were taken after 48 h. Scale bar = 200 microns.

(K) Quantification of migration normalized to migration counts for untreated EV cells. Results are represented as mean of 3 biological replicates +SEM.

Significance was determined by one-way ANOVA with the Tukey multiple comparisons test. All significant comparisons are shown. *p % 0.05, **p % 0.01,

***p % 0.001, ****p % 0.0001. See also Figures S6 and S7.
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PTEN KD enhances cell stemness and migration in an EZH2 dependent manner

Activation of AKT is known to increase the proportion of CRC stem cells.28 To determine the effect of PTEN KD on cancer cell stemness, we

measured aldehyde dehydrogenase (ALDH) activity, a commonly used robust marker of cancer stem cells.29 PTEN KD significantly increased

the percentage of ALDH+ cells compared to EV and parental SW480 cells (Figure 7E). EZH2 inhibition blocked the PTEN KD-induced enrich-

ment of ALDH+ cells (Figure 7E) suggesting that the PTEN KD-mediated increase in stemness is dependent on EZH2 catalytic activity. To

confirm these results, we performed a spheroid assay in which only cells that exhibit stem cell characteristics form spheres. PTEN KD signif-

icantly increased the number of spheres in comparison to EV, while EZH2 inhibition reduced spheroid formation in PTEN KD SW480 cells

(Figures 7F and 7G).

GO analysis of cluster 2 genes that were defined as being increased in expression with PTENKD and further increasedwith EZH2 inhibition

demonstrated enrichment for genes involved in migration, morphogenesis, and epithelial to mesenchymal transition (EMT) (Figure S6D).

Therefore, we decided to narrow our focus to cluster 2 genes and performed hallmark analysis using the Human MSigDB Collections.30

Consistent with our previous analysis, cluster 2 genes were significantly associated with apical junctions and EMT hallmarks (Figures 7H

and S7D). b-catenin appeared to directly regulate some EMT-related genes as PTEN KD increased the binding of FLAG-b-catenin to their

promoter regions, as exemplified by ANO1 and LAMA3 (Figure S7E). Because the cluster 2 genes were defined as being further increased

by EZH2 inhibition, we explored the effect of EZH2 inhibition alone on gene expression pathways using our RNA-seq data. Hallmark analysis

of the 255 genes (log2FC > 0.5; p < 0.05) upregulated in response to EZH2 inhibitor in EV cells showed that the most significantly enriched

hallmark was the EMT hallmark (Figure S7F). To confirm these findings, we performedRT-qPCR in additional CRC cell lines following PTENKD

and/or EZH2 inhibition. PTENKD increased expression of EMTmarker genes, SNAI2, and FGF3, in SW480 and LS174T cells. EZH2 inhibition in

PTEN KD cells increased expression of SNAI1 and further upregulated SNAI2 and FGF3 as compared to PTEN KD alone (Figure 7I). Similar to

SW480 and LS174T cells, inhibiting EZH2 in PTEN KD RKO cells increased expression of SNAI1 and SNAI2 (Figure 7I). These results were

consistent with our RNA-seq data where EZH2 inhibition upregulated EMT marker genes in PTEN KD cells. To determine the outcome of

EZH2 inhibition on EV and PTEN KD CRC cell migration, we performed transwell migration assays. PTEN KD increased SW480 cell migration

compared to EV as expected (Figures 7J and 7K). EZH2 inhibitor treatment trended toward inducing increased cell migration of EV cells and

significantly increased PTEN KD cell migration (Figures 7J and 7K). Our results suggest that even though EZH2 inhibition blocks PTEN KD-

induced cancer stemness, EZH2 inhibition enhances the PTENKD-mediated increases in expression of EMTmarker genes and cell migration.

DISCUSSION

In this study, we reveal the mechanism by which EZH2 regulates b-catenin in CRC. We determined that activation of PI3K/AKT, a pathway

activated in a significant portion of CRCs, results in EZH2 phosphorylation at S21 (pS21-EZH2) in CRC, similar to what has been found in other

cancer types.21,23 Our data further demonstrate that phosphorylation of EZH2 via AKT is themolecular switch that drives EZH2 to interact with

andmethylate b-catenin. Inhibition of AKT signaling blocks EZH2’s interaction with andmethylation of b-catenin. Additionally, a phospho-null

EZH2 mutant (HA-EZH2 S21A) did not interact with b-catenin following AKT activation confirming that phosphorylation at S21 drives EZH2’s

interaction with b-catenin. These findings agree with other studies in which phosphorylation of EZH2 by AKT induces EZH2’s interaction with

other transcription factors such as AR and STAT3 in prostate cancer and glioblastoma, respectively.21,23

Previously, EZH2 has been reported to modulate b-catenin’s transcriptional activity in other cell types. For example, in liver cancer stem

cells, EZH2-mediatedmethylation of b-catenin at K49 increased b-catenin’s transcriptional activity and promotedWNT signaling, while in em-

bryonic stem cells b-catenin methylation at the same site by EZH2 led to gene repression during development.24,31 Here, we demonstrated

that EZH2 trimethylates b-catenin, which fine-tunes b-catenin’s transcriptional activity in CRC. We determined that EZH2’s catalytic activity

is essential for modulating b-catenin regulated gene expression. Treating cells with an EZH2 inhibitor (GSK503) blocked the H2O2 or
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PTEN KD-mediated interaction of b-catenin with RNAPII and TCF1. Additionally, a methylation-null mutant construct, FLAG-b-catenin K49R,

had less interaction with RNAPII than wildtype b-catenin in response to H2O2 or PTEN KD. While we did not detect any differences in the

nuclear level of wild type or mutant b-catenin following AKT activation, FLAG-b-catenin K49R had reduced binding to the chromatin in

response to PTEN KD. These findings suggest that trimethylation of b-catenin alters its chromatin binding not its nuclear localization. Our

findings are unique from previous studies because we demonstrated that AKT-mediated phosphorylation of EZH2 at S21 (pS21-EZH2) drives

EZH2 to interact with and methylate b-catenin, which enhances b-catenin’s and RNAPII’s binding to the chromatin. Based on our findings, we

propose that theAKT-mediated phosphorylation of EZH2 results in EZH2’s regulation of b-catenin being dependent on the activity of EZH2, in

contrast to other studies that have found that EZH2 regulates b-catenin independently of its catalytic activity.32 It should be noted that, like the

majority of CRC, most of the cell lines used in our study have eitherAPC orCTNNB1mutations resulting in constitutive activation of theWNT/

b-catenin pathway.27,33–35 However, we found similar results in RKO cells, which have wildtype APC and CTNNB1 and have normal canonical

Wnt signaling.We suggest that aberrant activation ofWNT/b-catenin pathway is not required for butmay enhance EZH2’s regulation of b-cat-

enin in CRC.

We also demonstrated that the AKT-EZH2-b-catenin axis regulates EZH2’s and b-catenin’s binding to chromatin and enrichment across

the genome.While a phospho-mimetic EZH2 (EZH2 S21D) showed increased binding to chromatin, phospho-null EZH2 had reduced binding

to chromatin relative to WT EZH2 following AKT activation. Our genome-wide binding profiles for HA-EZH2 and FLAG-b-catenin confirmed

our hypothesis that EZH2 and b-catenin binding to the chromatin is dependent on EZH2 phosphorylation at S21 and EZH2 catalytic activity,

respectively. Phospho-null EZH2 had a reduced number of called HA-EZH2 peaks in both EV and PTEN KD cells. Treating with an EZH2 in-

hibitor also drastically reduced the number of called FLAG-b-catenin peaks in both EV and PTEN KD cells. These findings are consistent with

other findings in which EZH2 induced the binding of AR, cMyc, and P300 to the chromatin to mediate gene expression.36,37 While previous

studies suggest that EZH2 methylation of other non-histone proteins leads exclusively to gene activation or repression,20,21 our findings pro-

pose a model in which EZH2-mediated b-catenin methylation increases b-catenin’s binding to the chromatin and fine-tunes b-catenin activity

to both repress and activate gene expression. The exact mechanism of howmethylation of b-catenin leads to gene activation and repression

is unclear. It is possible that methylation of b-catenin represses gene expression by blocking b-catenin acetylation, which is associated with

active gene expression, as has been reported previously.38 It is also possible that EZH2-mediated b-catenin methylation activates gene

expression through increased recruitment of TCF1 and RNAPII to chromatin. In breast cancer, phosphorylation of EZH2 by AKT was shown

to attenuate EZH2’s catalytic activity by reducing its binding to histones.39 Thus, AKT activation resulted in reduced H3K27me3 levels.39 In our

study, neither activation nor inhibition of AKT affected global levels of H3K27me3 in CRC cells, suggesting that the AKT pathway does not

regulate global levels of H3K27me3 in CRC. A potential explanation for the discrepancy in findings between the two studies is that, in CRC

cells following EZH2 phosphorylation, EZH1may take over for EZH2 in the PRC2 complex tomaintain H3K27me3 levels as recently reported.40

While we see an increase in the binding of phosphorylated EZH2 to chromatin, we have not specifically examined how phosphorylation alters

EZH2’s binding to and/or methylation of histones.

Our data demonstrate that AKT activation increases cancer cell stemness in an EZH2-dependent manner as indicated by EZH2 inhibi-

tion blocking the PTEN KD associated increases in percent ALDH+ cells and spheroid formation. These results are in agreement with find-

ings from other groups in which inhibiting the repressive function of EZH2 reduced the cancer stem cell population in ovarian cancer41 and

promoted human stem cell differentiation.42 Our data indicate that AKT activation also promotes b-catenin-mediated upregulation of

EMT-related genes in an EZH2-dependent manner. We show that increased b-catenin enrichment over some EMT-related genes is asso-

ciated with their increased gene expression in PTEN KD compared to EV cells. Treating cells with an EZH2 inhibitor resulted in reduced

b-catenin enrichment across the genome. However, this finding was unexpectedly accompanied by further upregulation of EMT-related

genes. Related to this result, EZH2 inhibition also increased expression of EMT-related genes in EV cells, which is similar to previous find-

ings by other groups where EZH2 repressed genes to maintain cell identity.43–46 It is unexpected that EZH2 inhibition reduces cancer stem-

ness but increases EMT-related changes following AKT activation as cancer stemness and EMT are generally linked. It is possible that

AKT-mediated EZH2 phosphorylation induces EZH2 to promote cancer stemness and EMT in epithelial colon cells by interacting with

and methylating b-catenin. However, inhibiting EZH2 activity enhances colon epithelial cell migration by increasing the expression of

EMT-related genes, which are usually repressed by PRC2. We speculate that pS21-EZH2 induces the expression of EMT genes through

methylating b-catenin while inhibiting EZH2 attenuates PRC2 repression of EMT genes, which cumulatively results in increased EMT

gene expression and migration.

Based on our EZH2 CUT&RUN data, phosphorylation of EZH2 following AKT activation in PTEN KD cells greatly increased the number of

genomic loci bound by EZH2. However, very few of these peaks were associated with changes in gene expression as they did not overlap with

PTEN KD-regulated genes in our RNA-seq data. Most of the EZH2 peaks also did not overlap with FLAG-b-catenin peaks in PTEN KD cells in

our ChIP-seq data. Because EZH2 inhibition blocked the PTEN KD-induced increase in b-catenin binding sites and altered expression of the

PTEN-KD regulated genes, we conclude that EZH2-induced trimethylation of b-catenin modulates gene expression in PTEN KD cells. How-

ever, we suggest that most of the increased binding of EZH2 to chromatin following AKT-mediated phosphorylation on S21 is not regulated

by EZH2’s interaction with b-catenin and does not have a direct effect on gene expression. Future work will explore the mechanism and rele-

vance of the increased binding of phosphorylated EZH2 to chromatin.

Overall, we propose a model where activation of AKT induces EZH2 phosphorylation, which mediates b-catenin methylation. b-catenin

methylation increases b-catenin’s interaction with TCF1 and RNAPII and increases b-catenin’s binding to the chromatin to regulate gene

expression. Extrapolation of the findings in this study suggests a need for the development of a context-specific strategy for the
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therapeutic targeting of EZH2 in CRC. The oncogenic role of EZH2 in cancers led to the development of many EZH2 inhibitors that are

currently in clinical trials.47 However, our findings suggest that treatment with catalytic EZH2 inhibitors will likely lead to different clinical

outcomes depending on the mutations present in the specific CRC being treated. Our findings suggest that, in AKT-activated CRC, ther-

apeutic approaches based on perturbation of the interaction between EZH2 and b-catenin or EZH2 and AKT will be more effective than

targeting EZH2 activity as EZH2 catalytic inhibitors will block all activity dependent roles of EZH2, including EZH2’s methylation of histone

and non-histone substrates.

Limitations of the study

In the present study, we demonstrated that AKT induces EZH2-mediated b-catenin tri-methylation at K49 via EZH2 phosphorylation at S21.

Methylation of b-catenin induces b-catenin’s interaction with RNAPII. However, the precise function of the b-catenin-RNAPII complex is not

clear. Additional studies are required to investigate the effect of the b-catenin-RNAPII complex on RNAPII transcription initiation and tran-

scription elongation. Althoughwe used several CRC cell lines and organoids to study the AKT/EZH2/b-catenin axis, we did not perform in vivo

experiments. Future research should investigate the role of the AKT/EZH2/b-catenin axis on tumor progression and metastasis using animal

models.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-RBP1 Cell Signaling Technology Cat#2629, RRID: AB_2167468

Rabbit monoclonal anti-H3K27me3 Cell Signaling Technology Cat#9733, RRID: AB_2616029

Rabbit monoclonal anti-H3K4me3 Cell Signaling Technology Cat#9751,RRID: AB_261602

Rabbit polyclonal anti-Tri-Methyl-lysine PTM BIO Cat#PTM-601

Rabbit monoclonal anti-b-catenin Cell Signaling Technology Cat#8480, RRID:AB_11127855

Rabbit monoclonal anti-Vimentin Cell Signaling Technology Cat#5741, RRID:AB_10695459

Rabbit monoclonal anti-total AKT Cell Signaling Technology Cat#4691, RRID:AB_91578

Rabbit monoclonal anti-Phospho-AKT(Ser473) Cell Signaling Technology Cat#4060, RRID:AB_2315049

Mouse monoclonal anti-TCF1 Santa-Cruz Biotechnology Cat#Sc-271453, RRID:AB_10649799

Rabbit monoclonal anti-H3 Cell Signaling Technology Cat#4499, RRID:AB_10544537

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat#5174, RRID:AB_10622025

Mouse Monoclonal anti-FLAG Sigma-Aldrich Cat#F3165, RRID:AB_259529

Rabbit monoclonal anti-HA Cell Signaling Technology Cat#3724, RRID:AB_1549585

Rabbit polyclonal anti-HA EpiCypher Cat#13-2010

Rabbit monoclonal anti-TCF1 Cell Signaling Technology Cat#2203, RRID:AB_2199302

Rabbit monoclonal anti- Phospho-Akt Substrate (RXXS*/T*) Cell Signaling Technology Cat#9614, RRID:AB_331810

Rabbit monoclonal anti-EZH2 Cell Signaling Technology Cat# 5246, RRID:AB_10694683

Bacterial and virus strains

MISSION shRNA Bacterial Stock, EZH2 Sigma-Aldrich Cat# SHCLNG-NM, TRCN0000010474

MISSION shRNA Bacterial Stock, PTEN Sigma-Aldrich Cat# SHCLNG-NM, TRCN0000002748

MISSION shRNA Bacterial Stock, TRC2 pLKO.5-puro

Empty Vector

Sigma-Aldrich Cat# SHC201

Chemicals, peptides, and recombinant proteins

GSK690693 Sigma-Aldrich Cat#SML0428

GSK503 Sigma-Aldrich Cat#SML2718

Hydrogen Peroxide (30%) Fisher-chemical Cat#H325-500

McCoy’s 5A Corning Cat#10-050-CV

DMEM Corning Cat#10-013-CV

RPMI 1640 Corning Cat#10-040-CV

Advanced DMEM/F12 Gibco Cat#12634-010

N2 supplement Fisher Cat#17502048

B27 supplement Fisher Cat#17504044

EGF R&D Systems Cat#236-EG

Noggin R&D Systems Cat#6057-NG

Protease Inhibitor Tablets Thermo Scientific Cat#88266

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat#P5726

N-ethylmaleimide Acros Organics Cat#128-53-0

pAG-MNase EpiCypher Cat#15-1116

Matrigel (Growth Factor Reduced) Corning Cat#354230

Human FGF-basic (bFGF) Invitrogen Cat#13256-029

(Continued on next page)
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Insulin Sigma-Aldrich Cat#19278

16% Formaldehyde solution (w/v), methanol free Thermo Scientific Cat#28908

Fetal Bovine Serum Corning Cat#35-015-CV

Puromycin Sigma-Aldrich Cat# P8833

Lipofectamine 3000 Invitrogen Cat#L3000015

DMSO VWR Cat#97063-136

Critical commercial assays

Diagenode iDeal ChIP-seq Kit for transcription factor Diagenode Cat#C01010055

RNeasy Mini Kit Qiagen Cat#74104

ALDEFLUOR assay Stem Cell Technologies Cat#01700

CUTANA� DNA Purification Kit EpiCypher Cat#14-0050

NEBNext Ultra II DNA Library Prep kit New England BioLabs Cat#E7645

Maxima first strand cDNA synthesis kit Thermo Fisher Scientific Cat#K1642

Deposited data

Raw and analyzed data This paper GEO: GSE226589

Experimental models: Cell lines

Human: SW480 ATCC Cat#CCL-228, RRID:CVCL_0546

Human: RKO ATCC Cat#CRL-2577, RRID:CVCL_0504

Human: Lovo ATCC Cat#CCL-229, RRID:CVCL_0399

Human: LS174T ATCC Cat#CL-188, RRID:CVCL_1384

Human: HEK293T ATCC Cat#CRL-3216, RRID:CVCL_0063

Human: Caco2 ATCC Cat#HTB-37, RRID:CVCL_0025

519 human colorectal cancer organoids Miller et al.48 N/A

SW480 PIK3CA E453K and E453K mutant cells This paper N/A

Oligonucleotides

Primers and oligos for RT-qPCR, plasmid construction

and base editing, see Table S1

This paper N/A

Recombinant DNA

pCMV-HA-EZH2 Addgene RRID:Addgene_24230

FLAG- b-catenin WT Addgene RRID:Addgene_16828

FLAG- b-catenin K49R Addgene RRID:Addgene_44750

pLenti-U6-tdTomato-P2A-BlasR (LRT2B) Addgene RRID:Addgene_110854

pLenti-FNLS-P2A-Puro Addgene RRID:Addgene_110841

pCMV-HA-EZH2 S21A This paper N/A

pCMV-HA-EZH2 S21D This paper N/A

Software and algorithms

FastQC (v0.11.9) Simon Andrews https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

STAR (v2.7.10a) Alex Dobin, dobin@cshl.eu https://github.com/alexdobin/STAR

clusterProfiler (v1.38.3) Yu et al.49 https://bioconductor.org/packages/release/bioc/html/

clusterProfiler.html

EnhancedVolcano Blighe, Rana, and Lewis50 https://bioconductor.org/packages/devel/bioc/vignettes/

EnhancedVolcano/inst/doc/EnhancedVolcano.html

Bowtie2 Langmead et al.51 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

MACS (v2.2.7.1) Zhang et al.52 https://github.com/macs3-project/MACS

(Continued on next page)

ll
OPEN ACCESS

16 iScience 26, 107630, September 15, 2023

iScience
Article

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
mailto:dobin@cshl.eu
https://github.com/alexdobin/STAR
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html
https://bioconductor.org/packages/devel/bioc/vignettes/EnhancedVolcano/inst/doc/EnhancedVolcano.html
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://github.com/macs3-project/MACS


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bedtools (v2.26.0) Quinlan & Hall53 https://bedtools.readthedocs.io/en/latest/

deeptools Ramı́rez et al.54 https://deeptools.readthedocs.io/en/latest/

GVIS (v3.5.1) Hahne & Ivanek55 https://bioconductor.org/packages/release/bioc/html/

Gviz.html

Deseq2 Love et al.56 https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

Metascape pathway analysis Zhou et al.57 https://metascape.org/gp/index.html#/main/step1

UCSC xenabrowser Goldman et al.58 https://xenabrowser.net/

RStudio (V 4.2.2) R https://posit.co/download/rstudio-desktop/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Heather O’Ha-

gan (hmohagan@indiana.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact upon request.

Data and code availability

d Sequencing data have been deposited at GEO and are publicly available as of publication. The accession number is listed in the key re-

sources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

All cell lines were maintained in a humidified atmosphere at 37�C with 5% CO2. Our study included SW480, RKO, Lovo, LS174T, Caco2 and

HEK293T cell lines and human CRC organoids. SW480, Caco2 and Lovo cells were cultured in McCoy 5A media (Corning, #10-050-CV), and

RKO cells were cultured in RPMI media (Corning, #10-040-CV) supplemented with 10% FBS (Corning, 35-015-CV). LS174T and HEK293T

cells were cultured in DMEM 1X (Corning, #10-013-CV) with 10% FBS (Corning, #35-015-CV) without antibiotics. CRC human organoids

were cultured in organoid media (advanced DMEM/F12 (Gibco, #12634-010) supplemented with EGF (R&D Systems, #236-EG), Noggin

(R&D systems, #6057-NG), N2 supplement (17502048, Fisher), B27 supplement (Fisher, #17504044), HEPES, and Penn/Strep) as in.48 All

cell lines were purchased from the ATCC and authenticated and tested for Mycoplasma using the Universal mycoplasma detection kit

(ATCC, 30-1012K) on January 30, 2023. All cell lines were derived from male patients except CRC organoids and HEK293T cells were

derived from female patients. All cells used in experiments were passaged fewer than 15 times with most being passaged fewer than

10 times. For hydrogen peroxide (H2O2) treatments, 30% H2O2 (Fisher, #H325-500) was diluted in PBS immediately prior to treatment

at 250 mmol/L for 30 minutes at 37�C. Cells were starved in media lacking serum for 24 hours prior to treatment. GSK503 (Sigma,

#SML2718) and GSK690693 (Sigma, #SML0428) were solubilized in DMSO (VWR, #97063-136) prior to treatment. Treatment dosages

and durations are defined in the figure legends.

METHOD DETAILS

Generation of stable knockdown cell lines

For knockdown of EZH2 (Sigma, SHCLNG-NM_004456, #TRCN0000010474), PTEN (Sigma, SHCLNGNM_000314, #TRCN0000002748), and

empty vector (EV) TRC2 (Sigma, #SHC201), the lentiviral shRNA knockdown protocol from The RNAi Consortium Broad Institute was used.

Briefly, 4 x 105 HEK293T cells were plated on day 1 in DMEM 1X containing 10% FBS. On day 2, cells were transfected with shRNA of

interest, EV control, and packaging plasmids. On day 3, the media was replaced with fresh DMEM containing 10% FBS. Approximately

24 hours later, media containing lentiviral particles was collected, and fresh DMEM + 10% FBS was added. The added media were

collected 24 hours later and pooled with media harvested on day 4. The pooled media was then filtered using a 0.45 mm filter and concen-

trated using a Spin-X concentrator (Corning, #431490). To perform the knockdown, concentrated virus plus polybrene was added to exper-

imental cells 24 hours after plating. Cells were treated with puromycin (2 mg/mL) (Sigma-Aldrich, #P8833) after 24 hours to select for knock-

down cells.
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Plasmids and transient transfections

HA-EZH2 plasmid mutant constructs were generated using site directed mutagenesis of pCMV-HA-EZH2 a gift from Kristian Helin (Addgene

plasmid # 24230; http://n2t.net/addgene:24230; RRID:Addgene_2423059). Wildtype and mutant constructs were then PCR amplified using

primers to encompass HA-EZH2 + add NotI and PacI for subcloning into pQXCIH (Clontech). See Table S1 for the primer sequences.

FLAG-b-catenin plasmid constructs were purchased from Addgene (FLAG- b-catenin WT (Addgene plasmid # 16828; http://n2t.net/

addgene:16828; RRID: Addgene_16828) and FLAG- b-catenin K49R (Addgene plasmid # 44750; http://n2t.net/addgene:44750; RRID:Addg-

ene_44750). All FLAG- b-catenin constructs were a gift from Eric Fearon.60,61 Transient transfection was performed with Lipofectamine 3000

(Invitrogen) per the manufacturer’s protocol.

Nuclear Immunoprecipitations (IPs)

3.5 x 106 or 1.2 x 106 cells were cultured in 150 mm plates for approximately 72 hours or 96 hours, respectively. Cell pellets were used to

perform nuclear extraction using CEBN [10 mmol/L HEPES, pH 7.8, 10 mmol/L KCl, 1.5 mmol/L MgCl2, 0.34 mol/L sucrose, 10% glycerol,

0.2% NP-40, 1X protease inhibitor cocktail (Sigma, #P5726), 1X phosphatase inhibitor (Thermo, #88266), and N-ethylmaleimide (Acros or-

ganics, #128-53-0)] and then washedwith CEB buffer (CEBN buffer without NP-40) containing all the inhibitors. To extract the nuclear fraction,

after washing the cell pellets with CEBN buffer, they were resuspended in modified RIPA (50 mM Tris pH7.5, 150 mM NaCl, 5 mM EDTA,

50 mM NaF, all inhibitors) and sonicated using Bioruptor� Pico (Diagenode). To exclude the possibility of DNA-dependent protein interac-

tions, the nuclear fractions were incubated with spermine (50 mM) and spermidine (15 mM) for 60 minutes on a rotator at 4�C. Positively
charged spermines compete proteins off the DNA. The nuclear extract was rotated with an antibody and protein A/G magnetic beads over-

night. The next day, beads were washed, and proteins were eluted and analyzed by Western blot. For some IPs, RNAseA (25 mg/ml) was

added during the overnight incubation.

Chromatin extraction

3.5 x 106 or 1.2 x 106 cells were cultured in 150 mm plates for approximately 72 hours or 96 hours, respectively. Cell pellets were used to

perform nuclear extraction using CEBN and then washed with CEB buffer containing all the inhibitors. To extract the soluble nuclear fraction,

after washing the cell pellets with CEBbuffer, they were resuspended in soluble nuclear buffer (2mmol/L EDTA, 2mmol/L EGTA, all inhibitors)

and rotated at 4�C for 30 minutes. The remaining cell pellet, i.e., the total chromatin fraction, was lysed using 4% SDS and a qiashredder (Qia-

gen) and analyzed by Western blot.

Chromatin immunoprecipitation-sequencing

Chromatin immunoprecipitation (ChIP) was performed using anti-FLAG antibody (Sigma, #F3165) and the Diagenode iDeal ChIP-seq for tran-

scription factors Kit (Diagenode, #C01010055) as per the manufacturer’s protocol. SW480 cells were fixed, and chromatin DNA-protein was

cross-linkedwith 1% formaldehyde (Thermo-Scientific,Cat#28908) for 10min, thenquenchedwith 125mMglycine for 5min, and finally washed

with phosphate-buffered saline. Fixed cells were sonicated with a Bioruptor Pico (Diagenode) and lysed in a lysis buffer containing protease

inhibitors. DNA-protein complexes were immunoprecipitated with FLAG antibody and washed. Cross-links were reversed at 65C overnight in

Elution buffer. DNAwas extracted by PCR purification kit (QIAquick PCR Purification Kit, #28104). Libraries were generated for sequencing us-

ing the NEBNext Ultra II DNA Library Prep kit for Illumina (NEB, E7645) as per the manufacturer’s protocol, followed by sequencing.

CUT&RUN

Cleavage Under Targets & Release Using Nuclease (CUT&RUN) was performed according to the EpiCypher CUTANA CUT&RUN protocol.

5 x 105 of live cells were harvested, washed and re-suspended in wash buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM Spermidine and

1x Protease Inhibitor), followed by incubation at RT for 10 min with activated ConA magnetic beads (CUTANA� Concanavalin A, #21-1401)

which were washed and re-suspended in bead activation buffer (20 mMHEPES, pH 7.9, 10 mM KCl, 1 mMCaCl2, 1 mMMnCl2). After binding

to activated beads, cells were permeabilized in antibody buffer (wash buffer + 0.01%digitonin + 2mMEDTA) and incubatedwith HA antibody

(HA Tag CUTANA, #13-2010) on nutator overnight at 4�C. On the next day, the cell-bead slurry was washed twice with cold digitonin buffer

(wash buffer + 0.01%digitonin) and then incubatedwith pAG-MNase (EpiCypher, #15-1116) for 10min at RT, followedby twowasheswith cold

digitonin buffer. MNase was then activated by addition of CaCl2 to cleave targeted chromatin for 2 hours at 4�C. After chromatin digestion,

MNase activity was stopped and chromatin fragments released into supernatant by adding stop buffer (340 mM NaCl, 20 mM EDTA, 4 mM

EGTA, 50 mg/ml RNase A, and 50 mg/ml Glycogen) and incubating at 37�C for 10 min. The DNA was purified from the collected supernatant

using the CUTANA� DNA Purification Kit (EpiCypher, #14-0050) per manufacturer’s instruction. Finally, 5 ng of purified CUT&RUN enriched

DNA was used to prepare Illumina library using the NEBNext Ultra II DNA Library Prep kit (NEB, #E7645) as per the manufacturer’s protocol,

followed by sequencing.

RNA sequencing

RNA extraction was performed using the RNAeasy mini kit (Qiagen, #74104) as per manufacture’s protocol. Libraries were generated for

sequencing using the NEBNext Ultra II DNA Library Prep kit for Illumina (NEB, E7645) as per the manufacturer’s protocol, followed by

sequencing.
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Migration assay

5 x 104 SW480 cells in serum-freemedia were plated into transwell in 24-well plates (Corning, #40578) for 48 hours with media containing 10%

FBS at the bottom. Transwell inserts were stained using Hema 3 Stat Pack (Thermo Fisher Scientific, #123-869). Migration inserts were ran-

domized prior to manual quantification and the outer 5% of the inserts were not included during quantification to reduce edge-effect

bias. All images were taken on an EVOS FL Auto microscope.
ALDEFLUOR assay

SW480 cell (8.03 105) were cultured in 100 mm dishes. PTEN KD, EV and parental cells were treated with EZH2 inhibitor (GSK503) and incu-

bated at 37�C, 5% CO2 for 72 hours. After the incubation time (30 minutes), ALDEFLUOR assay (Stem Cell Technologies, #01700) was per-

formed as described previously.29 Briefly, to measure ALDH activity, the ALDEFLUOR assay (Stem Cell Technologies, 01700) was used con-

sisting of 1 million cells/1 mL ALDEFLUOR assay buffer and bodipyaminoacetaldehyde (BAAA) substrate +/- ALDH inhibitor diethylamino

benzaldehyde (DEAB; 5 mL, 1.5 mM). Cells were incubated for 30 minutes at 37�C, centrifuged and resuspended in ALDEFLUOR assay buffer.

Flow cytometry analysis was performed on a LSRII flow cytometer (BD Biosciences) at IU Flow Cytometry Core Facility. ALDH activity was

measured using 488 nm excitation and the signal was detected using the 530/30 filter. For each experiment, 10,000 events were analyzed.

ALDH+ percentage gate was determined by sample specific negative control (DEAB) ALDH+ gate. Further data analysis was done in

FlowJo software (Becton, Dickinson & Company, RRID:SCR_008520).
Spheroid formation assay

5 3 103 cells were mixed with Matrigel (Corning, Growth Factor Reduced, # 354230) and then platted in 24-well plates (Costar, #3738). The

plate was incubated in a tissue culture incubator for 10 minutes to allow Matrigel to solidify followed by the addition of stem cell media

[DMEM-F12 (Corning, #10-017-CV) with 100 U Penicillin–Streptomycin, 0.4% BSA, 10 ng/ml bFGF (Invitrogen, #13256-029), 20 ng/ml EGF (Bio-

legend, #585,506), 5 mg Insulin (Sigma, #19278)]. The plates were incubated for 20 days at 37�C, 5% CO2. Spheroids were manually quantified

and the periphery of Matrigel were not included during quantification to reduce edge-effect bias. Images were taken using an EVOS FL Auto

microscope (Life Technologies).
RNA isolation and RT-qPCR

Isolation of total RNA from cell pellets was performed using the RNAeasy mini kit (Qiagen, #74104) as per the manufacturer’s protocol. Max-

ima first strand cDNA synthesis kit (Thermo Fisher, #K1642) for quantitative reverse transcription PCRwas used to synthesize cDNA. cDNAwas

amplified using gene-specific primers and FastStart Essential DNAGreenMaster (Roche, #06402712001). Cq values of genes of interest were

normalized to housekeeping gene ROHA expression. qPCR primer sequences are listed in Table S1.
Base editing of PIK3CA

To generate sgRNA expressing plasmids, E453K or E453K specific oligos were annealed and cloned into pLenti-U6-tdTomato-P2A-BlasR

(LRT2B), a gift from Lukas Dow (Addgene plasmid #110854; http://n2t.net/addgene:110854; RRID:Addgene_11085462). SW480 cells were

then transfected with E453K, E453K, or empty vector LRT2B plasmids and pLenti-FNLS-P2A-Puro, a gift from Lukas Dow (Addgene

plasmid #110841; http://n2t.net/addgene:110841; RRID:Addgene_110841) at a 1:3 ratio of sgRNA:pLenti-FNLS using lipofectamine

3000. The next day media was changed to fresh media containing puromycin. Following puromycin selection, cells were grown in

MEK inhibitor (25 nM Trametinib) for 7 days to select for cells containing mutant PIK3CA. To check for successful base editing, genomic

DNA was isolated using the DNeasy kit (Qiagen), PCR amplified using E545K or E453K AP PCR primers, and purified PCR products (Qia-

gen PCR purification kit) were sequenced by Sanger sequencing using the respective sequencing primers. See Table S1 for the oligo and

primer sequences.
Sequencing analysis

Sequencing read quality control for all samples was assessed with FastQC (v0.11.9). For RNA-seq analysis, read alignment was performed

using STAR63 (v2.7.10a) against the hg38 reference genome, raw read counts for genes were obtained with STAR (v2.7.10a), and

Deseq256(v3.24.0) was used for differential expression analysis. Gene Set Enrichment Analysis using the Molecular Signatures Database col-

lections and database were run with clusterProfiler49(v1.38.3) and volcanoplot was visualized with EnhancedVolcano.50 For ChIP-seq and

CUT&RUN analysis, read alignment was performed using Bowtie251(v2.4.2) against the hg38 reference genome, peaks were called with

MACS52(v2.2.7.1), and intersecting peak regions between replicates and different samples were uncovered with Bedtools53(v2.26.0). Peaks

located within 1 kb window between ChIP-seq and CUT&RUN were considered to be the intersecting peak region between ChIP-seq and

CUT&RUN. Heatmaps and Counts Per Million normalized bigWigs were created using deepTools54(v3.5.1) bamCoverage, computeMatrix,

and plotHeatmap. Gviz55(1.34.1) was utilized for creating gene tracks. Metascape pathway analysis was performed for pathway analysis.57

The correlation between EZH2 and PTEN expression in CRC was performed using UCSC xenabrowser58
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QUANTIFICATION AND STATISTICAL ANALYSIS

Spheroids and migration insert were manually quantified, and the outer part was not included during quantification to avoid edge-bias

effect.

Results are represented as mean +/- SEM unless otherwise stated. Significance was determined by one-way ANOVA with the Tukey mul-

tiple comparisons test using RStudio. For all figures, * P % 0.05, ** P % 0.01, *** P % 0.001, **** P % 0.0001. All significant comparisons are

shown. Statistical details for each experiment are included in the figures and figure legends.
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