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SUMMARY

Activating mutations in PIK3CA are frequently found in estrogen-receptor-positive (ER+) breast 

cancer, and the combination of the phosphatidylinositol 3-kinase (PI3K) inhibitor alpelisib with 

anti-ER inhibitors is approved for therapy. We have previously demonstrated that the PI3K 

pathway regulates ER activity through phosphorylation of the chromatin modifier KMT2D. Here, 

we discovered a methylation site on KMT2D, at K1330 directly adjacent to S1331, catalyzed 

by the lysine methyltransferase SMYD2. SMYD2 loss attenuates alpelisib-induced KMT2D 

chromatin binding and alpelisib-mediated changes in gene expression, including ER-dependent 

transcription. Knockdown or pharmacological inhibition of SMYD2 sensitizes breast cancer 

cells, patient-derived organoids, and tumors to PI3K/AKT inhibition and endocrine therapy in 

part through KMT2D K1330 methylation. Together, our findings uncover a regulatory crosstalk 

between post-translational modifications that fine-tunes KMT2D function at the chromatin. This 

provides a rationale for the use of SMYD2 inhibitors in combination with PI3Kα/AKT inhibitors 

in the treatment of ER+/PIK3CA mutant breast cancer.

In brief

Blawski et al. show that KMT2D is methylated by the lysine methyltransferase SMYD2 at K1330. 

SMYD2 loss attenuates PI3K inhibitor-induced KMT2D chromatin binding at estrogen-receptor 

(ER) loci and ER-dependent transcription. SMYD2 inhibition sensitizes cells, patient-derived 

organoids, and tumors to PI3K/AKT inhibition and endocrine therapy through KMT2D K1330 

methylation.

Graphical Abstract
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INTRODUCTION

Breast cancer is the most commonly diagnosed cancer in the world. Over 70% of 

breast cancers express the estrogen receptor (ER), which they rely on for their growth 

and proliferation. These cancers are treated with inhibitors targeting the ER signaling 

pathway, such as selective ER modulators (e.g., tamoxifen), aromatase inhibitors (AIs; e.g., 

anastrozole, letrozole) and selective ER degraders such as fulvestrant and, more recently, 

elacestrant. The addition of CDK4/6 inhibitors has markedly prolonged progression-free 

survival compared to endocrine therapy alone.1

Forty percent of ER+, HER2— cancers harbor alterations in the phosphoinositide 3-kinase 

(PI3K) pathway, such as activating mutations in PIK3CA, the gene encoding the p110ɑ 
catalytic subunit of PI3K. We have previously observed that PI3Kɑ inhibition results in 

enhanced ER function, which confers resistance to PI3Kα inhibitors and can be reversed 

with the addition of endocrine therapies.2 The combination of the PI3K inhibitor alpelisib 

with the ER degrader fulvestrant is approved by the US Food and Drug Administration 

(FDA) for the treatment of patients with ER+ PIK3CA-mutated breast cancer.3

Mechanistically, we demonstrated that PI3K inhibition elevates ER activity to drive 

tumor growth in ER+/PIK3CA mutant breast cancer, through the lysine methyltransferase 

KMT2D. KMT2D is directly phosphorylated at S1331 and inactivated by PI3K pathway 

effectors AKT and/or SGK, resulting in loss of binding of KMT2D and ER to the chromatin 
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and consequent transcriptional repression.4,5 Pharmacological blockade of PI3Kɑ releases 

this inhibitory mechanism, resulting in the recruitment of KMT2D to the chromatin and 

subsequent activation of ER-dependent gene programs that fuel breast cancer growth, 

suggesting that inhibition of KMT2D could be a therapeutic strategy in combination with 

PI3K inhibitors for treatment of ER+/PIK3CA mutant breast cancer.

KMT2D (also known as MLL2 or MLL4), a member of the complex of proteins associated 

with Set1 (COMPASS)-like family, is known to catalyze histone 3 lysine 4 mono- and 

di-methylation, an epigenetic modification that facilitates gene expression.6 Recent studies 

have shown that deficiency of KMT2D induces abnormal epigenomic reprogramming and 

lung tumorigenesis, conferring therapeutic vulnerability to glycolytic inhibitors or SHP2 and 

pan-ERBB inhibition in lung cancer.7,8 Disruption of KMT2D also perturbs germinal center 

B cell development, promoting lymphomagenesis.9,10 In addition, CRISPR screens have 

identified KMT2D as a key determinant of immune checkpoint blockade and indicate that 

KMT2D loss may sensitize multiple cancer types to immunotherapy.11

Despite the increasing evidence pointing to a critical role of KMT2D in cancer, the precise 

post-translational regulation mediating these effects remains largely unclear, likely due 

to the large size of KMT2D (~593 kDa), which renders biochemical characterization of 

post-translational modifications challenging. Recent evidence suggests that methylation may 

affect gene expression and cellular functions, not only by modifying histone tails but also 

by altering the activity of transcription factors such as YY2,12 ER,13 E2F-1,14 p65,15 

STAT3,16 RUNX1,17 and p5318 or epigenetic modifiers such as EZH2.19 However, the 

extent of KMT2D methylation in cancer cells and its consequences on KMT2D function are 

unknown. Given that, to our knowledge, potent and selective KMT2D inhibitors are not yet 

available, the study of such mechanisms may lead to the identification of novel therapeutic 

opportunities in ER+ breast cancer. Additionally, there has been long-term interest in the 

intersection between signaling and epigenetics, but the mechanistic links between key 

components of these pathways have often been lacking. Here, we provide a comprehensive 

connection between oncogenic PI3K pathway signaling and SMYD2-mediated regulation 

of the KMT2D-ER axis, underscoring the relevance of the chromatin state in connecting 

oncogenic signaling responses with gene activity.

Specifically, we uncovered a methylation site on KMT2D at K1330, directly adjacent to the 

phosphorylated S1331, which we identified to be catalyzed by the lysine methyltransferase 

SMYD2. Knockdown of SMYD2 sensitizes ER+/PIK3CA mutant breast cancer cell lines 

and tumors to PI3K/AKT inhibition. Mechanistically, SMYD2 knockdown attenuates 

alpelisibinduced KMT2D chromatin binding globally and at ER loci. Accordingly, loss of 

SMYD2 abrogates alpelisib-induced changes in gene expression, including ER-dependent 

transcription. Our data suggest a role for epigenetic therapy using SMYD2 inhibitors 

in combination with alpelisib for the treatment of ER+/PIK3CA mutant breast cancer, 

supporting the pursuit of SMYD2 as a potential target for cancer therapy in this setting.
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RESULTS

KMT2D is methylated by SMYD2 in breast cancer in vitro and in cells

While performing mass spectrometry (MS) studies to identify the phosphorylation of 

KMT2D at S1331 by AKT/SGK,4 we unexpectedly observed yet another post-translational 

modification of KMT2D, a mono- and di-methylation event at the adjacent lysine, K1330, of 

KMT2D immunoprecipitated from HEK293T cell lysates (Figures 1A and S1A).

To identify which methyltransferase is responsible for methylating K1330 of KMT2D, 

we performed methylation assays using a panel of recombinant lysine methyltransferases 

that could be reconstituted in vitro, including EZH2, EZH1, SMYD2, SMYD3, SETD8, 

and NSD2, and found SMYD2 to methylate the KMT2D peptide (Figures 1B, S1B, and 

S1C). Moreover, additional methylation assays using recombinant SMYD2 and wild-type or 

K1330A, K1330R mutant peptides of KMT2D demonstrated that SMYD2 can successfully 

methylate wild-type KMT2D, but not the KMT2D K1330A or K1330R point mutants of the 

target lysine (Figure 1C).

We next established antibodies that recognize the mono- or di-methylation of KMT2D at 

K1330 to determine whether SMYD2 methylates KMT2D at K1330 in cells. We transfected 

HEK293T cells with wild-type V5-KMT2D (amino acids 1,222–1,819) or the K1330A/R 

mutants and probed the immunoprecipitated V5-KMT2D proteins with the anti-KMT2D-

K1330me1 or me2 antibodies. While these antibodies recognized immunoprecipitated wild-

type KMT2D, they failed to recognize the SMYD2-methyl-dead mutants (K1330A and 

K1330R) of KMT2D (Figure 1D). Similar results were also obtained when full-length 

wild-type HA-KMT2D or the K1330A and K1330R mutants were immunoprecipitated from 

HEK293T cells and probed with mono- and di-methylated antibodies (Figure 1E).

To further verify that this methylation event is SMYD2 dependent in cells, SMYD2 

expression in ER+/PIK3CA mutant T47D breast cancer cells was stably knocked down 

in a doxycycline-induced manner. Upon SMYD2 knockdown, KMT2D K1330 mono- and 

di-methylation was shown to be impaired (Figure 1F). Mono- and di-methylated KMT2D 

was also detected in HEK293T cells upon SMYD2 wild-type overexpression but not upon 

expression of a catalytic dead mutant of SMYD2 (Figure S1D). We next targeted the 

catalytic activity of SMYD2 pharmacologically using distinct SMYD2 inhibitors such as 

LLY507, AZ506, or AZ39, and we then assessed the methylation status of KMT2D in 

cells.20,21 In all cases, inhibition of SMYD2 was accompanied by a dose-dependent decrease 

of KMT2D methylation at K1330 (Figures 1G, 1H, and S1E). Collectively, these data 

support that KMT2D is methylated at K1330 by SMYD2.

Given the close proximity of SMYD2-mediated methylation at K1330 of KMT2D with the 

AKT/SGK-dependent phosphorylation of KMT2D at S1331, we next examined any possible 

interplay between these two post-translational modifications. We first performed in vitro 
enzyme kinetics assays using recombinant full-length AKT1 in the presence of wild-type 

KMT2D, K1330A/R mutant, or methylated K1330 peptides to characterize the kinetic 

properties of S1331 phosphorylation in each case. We discovered that AKT1 phosphorylated 

S1331 in all peptides in vitro, following a Michaelis-Menten model, albeit at a lower 
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catalytic efficiency for the K1330A/R peptide mutants or the methylated KMT2D peptide as 

reflected by kcat/Km values in comparison to wild type (Figure 1I).

To further dissect whether the methylation of KMT2D affects KMT2D phosphorylation, we 

also performed in vitro kinase assays in the presence of AKT1 recombinant kinase using 

immunoprecipitated wild-type full-length KMT2D, the phospho-dead mutant S1331A, or 

methyl-dead mutants (K1330A and K1330R) as substrates. Western blot analyses followed 

using an antibody for KMT2D pS1331. As shown in Figure S1F, AKT was able to 

phosphorylate wild-type and the methyl-dead mutants of KMT2D (K1330A, K1330R) 

but not the phospho-dead mutant (S1331A). We also performed in vitro kinase assays 

using a shorter fragment of KMT2D (amino acids 1,222–1,819) immunoprecipitated from 

HEK293T as a substrate with recombinant active AKT isoforms (AKT1, AKT2, or AKT3) 

or SGK1. In all cases, these PI3K effectors could phosphorylate wild-type KMT2D at S1331 

as detected by phosphorylated S1331 antibody but not the phospho-dead mutant (S1331A) 

(Figures S1F and S1G).

To test the interplay between SMYD2-mediated methylation at K1330 and KMT2D-S1331 

phosphorylation in cells, we overexpressed fragment constructs (amino acids 1,222–1,819) 

of wild-type KMT2D, the K1330A/R mutants, and S1331A mutant in 293T cells and probed 

the immunoprecipitated KMT2D proteins with the phosphorylated S1331 antibody. While 

this antibody failed to recognize the S1331A mutant as expected, it showed a significant 

increase of phosphorylation of SMYD2 methyl-dead mutants (K1330A/R) of KMT2D 

(Figure 1J). When we overexpressed full-length KMT2D or the methyl-dead mutants in 

293T cells, we also observed an increase in phosphorylation of KMT2D in the methyl-dead 

mutants in comparison to wild type (Figure S1H).

To identify whether phosphorylation of KMT2D affects SMYD2-mediated methylation 

of KMT2D, we next performed in vitro methylation assays using recombinant SMYD2 

and phosphorylated KMT2D peptides (pS1331) or the phospho-dead mutant of KMT2D 

(S1331A). SMYD2 could methylate the phospho-dead mutant KMT2D (S1331A) but was 

unable to methylate the peptide that was phosphorylated at S1331 (Figure 1K). Consistent 

with this, immunoblotting of immunoprecipitated wild-type KMT2D or K1330A, K1330R, 

and S1331A mutants led to ablation of methylation of KMT2D for the K1330A/R mutants 

but not wild type or the phospho-dead mutant (S1331A) of KMT2D (Figure 1L). Taken 

together, our in vitro and in vivo data suggest a potential two-way crosstalk between S1331 

phosphorylation and K1330 methylation of KMT2D.

SMYD2 methylation positively regulates KMT2D function in breast cancer

Given the important regulatory role we had previously identified for S1331 phosphorylation 

in suppressing the coactivator function of KMT2D at ER-target genes, we sought 

to understand the functional impact of SMYD2-catalyzed methylation at K1330. 

KMT2D encodes a conserved protein belonging to the SET1 family of histone lysine 

methyltransferases, which catalyze the methylation of lysine 4 on histone 3 (H3K4), 

a marker associated with transcriptionally active chromatin.6,22 Although the K1330 

modification is not in the catalytic domain of KMT2D, we wanted to understand if K1330 

methylation could regulate the activity of KMT2D on its H3 substrate. To this end, we 
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immunoprecipitated full-length wild-type KMT2D, the K1330A and K1330R mutants of 

KMT2D that cannot be methylated by SMYD2, and a catalytic-dead point mutation of 

KMT2D Y5426A or R5432W as a positive control and assessed their activity on an H3 

peptide using scintillation assays. While the Y5426A and R5432W mutant had significantly 

impaired enzymatic activity compared to the wild-type protein, the K1330A and K1330R 

mutant catalyzed H3K4 methylation at similar levels to wild-type KMT2D (Figures 2A 

and S2A). These data show that KMT2D K1330A/R mutants are capable of methylating 

H3K4, suggesting that SMYD2-mediated methylation of KMT2D is not affecting KMT2D 

enzymatic activity on H3.

We next sought to determine if SMYD2 knockdown influences KMT2D genome-wide 

binding to the chromatin in breast cancer. To this end, we performed chromatin 

immunoprecipitation followed by sequencing (ChIP-seq) of KMT2D in ER+/PIK3CA 
mutant MCF7 breast cancer cells with doxycycline-inducible SMYD2 knockdown (Figure 

2B), treated with vehicle or the PI3K inhibitor alpelisib. KMT2D binding showed a 

marked increase upon PI3K inhibition, confirming that the phosphorylation of KMT2D by 

AKT/SGK affects KMT2D chromatin recruitment in breast cancer. Of note, we have also 

previously shown that alpelisib treatment leads to an increase in H3K4me1, the histone mark 

catalyzed by KMT2D, at ER loci. Conversely, overexpression of the kinase SGK1, which 

phosphorylates KMT2D, results in global downregulation of H3K4me1.4,5

Ablation of SMYD2 attenuated the PI3K inhibitor-induced occupancy of KMT2D at 

the chromatin. This phenotype was observed for global KMT2D binding and also at 

the chromatin peaks where KMT2D co-localizes with ER or the ER cofactor, FOXA1 

(Figures 2C–2D and S2B). We further dissected the chromatin occupancy of KMT2D upon 

SMYD2 knockdown, alpelisib treatment, or the combination using cluster analyses (cluster 

1 unchanged peaks; cluster 2 lost peaks; cluster 3 gained peaks). SMYD2 knockdown in 

basal conditions altered KMT2D binding genome-wide, with peaks lost in cluster 2 showing 

enrichment of binding motifs for ER and AP1 transcription factors (TFs) and gained peaks 

in cluster 3 displaying enrichment for GRHL2, TEAD, and AP1 TFs (Figure 2E). Indeed, 

KMT2D peaks in cluster 3 overlapped with GRHL2 ChIP-seq23 (14%) (Figure S2C) with 

the majority of these peaks found at putative enhancers (70%) (Figures S2D and S2E).24

PI3K inhibition also led to widespread changes in KMT2D occupancy, with the majority of 

sites being gained. In these sites, we observed enrichment of binding motifs for FOXA1, 

ER, AP1, or GRHL2 TFs, confirming that PI3K inhibition increases KMT2D binding at 

ER-FOXA1 sites (Figure 2F). Notably, knockdown of SMYD2 under alpelisib treatment 

reversed alpelisib-induced KMT2D binding, with the majority of KMT2D peaks attenuated 

by SMYD2 knockdown. In these lost peaks, we identified enrichment of binding motifs 

for AP1, TEAD, AP2 alpha, and ER, among others (Figure 2G). Consistent with this, 

alpelisib-induced KMT2D binding was attenuated at ER-FOXA1 loci, including CCND1, 

IGFBP4, and GREB1 as representative examples (Figures 2H and S2F).

To understand whether KMT2D and SMYD2 are found at the chromatin, we next performed 

cell fractionation assays in MCF7 cells where we overexpressed V5-KMT2D or FLAG-

SMYD2. This assay demonstrated that KMT2D and SMYD2 are indeed present at the 
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chromatin (Figure S2G). Moreover, a CUT&RUN assay for FLAG-SMYD2 showed that 

SMYD2 and KMT2D are co-recruited at the chromatin and that these overlapped sites are 

enriched with the ERE or forkhead motifs (Figures S2H and S2I).

To further elucidate the functional impact of SMYD2-catalyzed methylation at K1330 

of KMT2D, we also performed tandem mass tag (TMT) MS in cells where we 

immunoprecipitated empty vector, wild-type KMT2D, and K1330-A/R mutants. We 

identified a significant number of proteins enriched or lost in both K1330 mutants compared 

to the wild type (Figures S3A–S3C; Table S1). Grouping the interactors based on their 

known functions, we found components of the INO80 chromatin remodeling complex, 

ESCRT complex, and histone acetyltransferase complexes, among others, to differentially 

interact with wild-type KMT2D in comparison to the methyl-dead mutants (Figure S3D). 

All the identified proteins involved in transcription were mapped in Figure S3E and they 

included proteins such as INO80, INO80D, CBX1, and CBX8, known components of 

chromatin-modifying complexes, along with other TFs and histone variants. This suggests 

that K1330 methylation may play an important role in the recruitment of cofactors involved 

in regulating chromatin accessibility and transcriptional machinery at KMT2D target genes, 

which remain to be further delineated.

Loss of SMYD2 abrogates alpelisib-induced changes in gene expression, including ER-
dependent transcription

Given that SMYD2 knockdown affected alpelisib-induced chromatin recruitment of 

KMT2D to ER loci, we hypothesized that SMYD2 knockdown also affects the alpelisib-

mediated transcriptome. We next performed RNA sequencing (RNA-seq) in MCF7 cells 

treated with DMSO or alpelisib after doxycycline-induced SMYD2 knockdown. RNA-seq 

showed a clear separation of gene expression between control and SMYD2 knockdown in 

basal conditions (2,308 upregulated genes; 2,138 downregulated genes) and upon alpelisib 

treatment (1,539 upregulated genes; 1,626 downregulated genes) with an overlap of 29% 

of differentially expressed genes upon SMYD2 knockdown in basal and alpelisib treatment 

(Figures S4A and S4B). Indeed, knockdown of SMYD2 led to altered transcription of 

thousands of genes upon PI3K inhibition. Out of 3,995 genes that were either downregulated 

or upregulated by PI3K inhibition, 1,248 were affected by SMYD2 knockdown in MCF7 

cells (Figure 3A), indicating that more than 30% of all alpelisib-regulated gene expression 

requires SMYD2. Gene set enrichment analysis (GSEA) in the basal or PI3K inhibition 

setting identified estrogen response as one of the top gene signatures to be negatively 

regulated by loss of SMYD2 (Figure 3C). GSEA also identified cellular proliferation (G2M, 

cell cycle, E2F targets) as significantly downregulated pathways in SMYD2 knockdown 

cells compared to the control (Figure 3B). Moreover, the expression of ER canonical target 

genes such as MYC, GREB1, PGR, IGFBP4, whose expression is increased upon PI3K 

inhibition, was attenuated upon SMYD2 knockdown (Figure S4C).

We next investigated whether SMYD2 expression might be linked with ER activity using 

ER gene signatures in clinical samples from The Cancer Genome Atlas (TCGA) and 

the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC). We 

stratified ER+ tumors into two groups, SMYD2-low and SMYD2-high, according to 
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their mRNA expression levels. We found that SMYD2-low ER+ patients had lower ER 

transcriptional activity compared to SMYD2-high patients (Figure 3D). Consistent with our 

preclinical results, inverse ER transcriptional activities for a subset of ER target genes were 

observed in SMYD2 mRNA expression low and high samples.

SMYD2 loss improves the therapeutic response of PI3K/AKT inhibitors in breast cancer in 
vitro and in vivo

We next examined the effect of SMYD2 knockdown on the therapeutic response of breast 

cancer cells to PI3K inhibition. In vitro proliferation assays using the doxycycline-inducible 

SMYD2 shRNAs in MCF7 and T47D cells showed that SMYD2 knockdown sensitizes 

breast cancer cells to PI3K inhibition by alpelisib (Figures 4A and 4B). Crystal violet 

assays upon SMYD2 knockdown and alpelisib treatment in both MCF7 and T47D cells also 

confirmed these results (Figures S5A and S5B).

Combinatory treatment of fulvestrant with alpelisib is a standard-of-care treatment for 

metastatic PIK3CA mutant/ER+ breast cancer. In this regard, we also tested the effect 

of SMYD2 knockdown on the sensitivity of MCF7 cells to these clinically approved 

drugs. SMYD2 knockdown significantly increased therapeutic sensitivity to fulvestrant and 

alpelisib monotherapy as well as the combination treatment (Figures 4C and S5D). SMYD2 

knockdown alone had a modest but significant effect on the growth of MCF7 or T47D breast 

cancer cells, with a stronger effect in T47D cells.

Phase III studies led to the recent approval of the AKT inhibitor capivasertib in combination 

with fulvestrant in HR+/HER2 advanced breast cancer patients with PIK3CA/AKT1/PTEN 
alterations.25 To this end, we also performed in vitro proliferation assays using a dose 

response of capivasertib. Similarly, to PI3K inhibition, knockdown of SMYD2 also further 

sensitized MCF7 cells to treatment with capivasertib (Figures 4D and S5E).

In addition to genetic knockdown of SMYD2, we also performed proliferation assays 

using pharmacological inhibition of SMYD2 with AZ506, AZ39, LLY507, or EPZ033294 

inhibitors in MCF7 cells. Of note, treatment of cells with these inhibitors led to a reduction 

in methylated KMT2D at K1330 (Figures 1G, 1H, and S1E). Similar to knockdown of 

SMYD2, pharmacological inhibition of SMYD2 had a modest effect on the growth of 

cells and a stronger phenotype when combined with PI3K inhibition (Figures 4E and S5F). 

Similar findings were also found when T47D cells were treated with the SMYD2 inhibitors, 

AZ506 or AZ39 (Figure 4F), suggesting that SMYD2 inhibitors sensitize breast cancer cells 

further to PI3K inhibitors. The triple combination of fulvestrant, alpelisib, and AZ506 also 

had a more significant effect in growth than the combinatory treatment (Figure S5G).

We next took advantage of multiple ER+/PIK3CA mutant PDX-derived organoids, namely 

HCI-011, HCI-017, and HCI-018, developed from Welm and colleagues, which model their 

original tumors with high fidelity.26 We demonstrated that these organoid models were 

sensitive to fulvestrant and alpelisib treatment, confirming their dependency on the ER and 

PI3K signaling pathways, respectively. Notably, significant growth attenuation was observed 

upon treatment with the SMYD2 inhibitor AZ506, and the combination of AZ506 with 

alpelisib was significantly more efficacious in attenuating the growth of organoids than 
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either treatment alone (Figures 4G and 4H). A dose-response curve of AZ506 in HCI-017 

organoids demonstrated a strong antitumor activity of AZ506 even at low doses, which was 

more significant in combination with alpelisib (Figure S5H).

We next investigated the in vivo activity of alpelisib in combination with SMYD2 

knockdown by injecting MCF7 human breast cancer cells with doxycycline-inducible 

SMYD2 shRNAs into nude mice. SMYD2 silencing by doxycycline diet and alpelisib 

treatment alone had a modest effect on the growth of tumor xenografts (Figure 4I). However, 

SMYD2 knockdown markedly increased the antitumor activity of alpelisib in vivo, with the 

combination of SMYD2 loss and alpelisib providing robust and durable tumor regression 

in the ER+/PIK3CA mutant xenograft tumor model. In these tumors, we also confirmed 

the knockdown of SMYD2 upon doxycycline treatment and the reduction in phosphorylated 

AKT at S473 upon alpelisib treatment (Figure 4J).

We also studied the prevalence of SMYD2 alterations in ER+ breast cancer using the TCGA 

cohort. These analyses indicated that ~70% of breast cancer have alterations in SMYD2, 

with the vast majority displaying gained copy number or amplification of SMYD2 (Figures 

S5I and S5J). Kaplan-Meier survival analysis of SMYD2 showed that amplification of 

SMYD2 was associated with reduced overall survival in patients with ER+ breast cancer 

(Figure 4K).

Altogether, our data point to SMYD2 as a promising candidate for cancer therapy in 

combination with PI3K/AKT inhibitors for the treatment of ER+/PIK3CA mutated breast 

cancer.

SMYD2-mediated methylation of KMT2D alters the therapeutic response of PI3K/AKT 
inhibitors in breast cancer

SMYD2 is known to catalyze the lysine methylation of multiple substrates such as H3K36 

and H3K4,27 as well as non-histone proteins such as p53,18 ERα,13 EZH2,19 p65,15 

STAT3,16 RUNX1,17 YY2,12 and E2F14 and may also exert its function in breast cancer 

through mechanisms independent of KMT2D methylation that remain to be identified. To 

determine whether the effect of SMYD2 inhibition or knockdown on breast cancer growth 

or gene expression programs are due in part to the methylation of KMT2D at K1330, we 

generated KMT2D methyl-dead mutant (K1330A) knockin (KI) MCF7 cells (Figures S6A 

and S6B). We first performed proliferation assays using two distinct K1330A clones, which 

showed that the KI cells grow slower than the wild-type KMT2D cells. Notably, the KI cells 

were more sensitive to alpelisib or capivasertib treatment (Figures 5A and 5B). In addition, 

both KI clones were also more sensitive to fulvestrant or the combination of fulvestrant 

with alpelisib (Figure 5C), mimicking the effect of SMYD2 knockdown or pharmacological 

inhibition of SMYD2. We next investigated the in vivo growth of the KMT2D KI by 

injecting MCF7 KI breast cancer cells into nude mice. These tumors grew significantly 

slower than the wild-type KMT2D tumors, suggesting that SMYD2 is exerting its effects 

on breast cancer growth in cells and tumors also by KMT2D-mediated methylation (Figure 

5D). Of note, the KI or wild-type KMT2D tumors did not grow at equal tumor volume at 

any time point throughout the experiment, which precluded the investigation of the in vivo 
activity of alpelisib.
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To determine the role of SMYD2-mediated methylation of KMT2D on gene expression, we 

next performed RNA-seq in wild-type and KMT2D KI cells treated with DMSO or alpelisib. 

Focusing on the overlapped differentially expressed genes between the two KI clones, we 

observed widespread downregulation in gene expression between KI and wild-type cells 

(cluster 4 and 5) and upregulation in gene expression (cluster 1, 2, and 3), suggesting 

that SMYD2-mediated methylation of KMT2D is markedly affecting transcriptional output 

in breast cancer (Figure 5E). Similar to what we observed with knockdown of SMYD2, 

over 30% of the genes that were downregulated or upregulated by PI3K inhibition were 

affected by the K1330A KI clones of KMT2D, indicating that KMT2D methylation at 

K1330 is required for regulation of PI3K inhibitor-induced transcriptional programs (Figure 

5F). Indeed, the transcription of canonical ER-target genes such as AREG, BCL2, SGK3, 

and TFF2, whose expression is altered by alpelisib, was attenuated in KMT2D K1330A KI 

clones (Figure S6C). Similarly, the estrogen-dependent transcription of ER-target genes such 

as GREB1, TFF1, and WISP2 was also downregulated in the KI cells (Figure 5G).

To differentiate between SMYD2-mediated KMT2D methylation and other functions of 

SMYD2, we next compared the gene expression changes mediated by the KI of KMT2D 

with those induced by the knockdown of SMYD2 in basal conditions or with PI3K inhibitor 

treatment. These analyses determined that a substantial number of differentially expressed 

genes are in common between both (2,158 genes in DMSO settings and 1,564 genes in 

alpelisib condition) (Figure 5H), suggesting that the effect of SMYD2 knockdown on gene 

expression is in part phenocopied by the KI of KMT2D. Gene Ontology analyses of these 

overlapped genes identified cell cycle and hormone response pathways, among others, in 

both the DMSO and alpelisib settings (Figure S6D).

Altogether, our findings demonstrate that SMYD2-mediated methylation of KMT2D 

phenocopies in part the effect that SMYD2 inhibition has on cell proliferation, tumor 

growth, drug response, and transcriptional output, suggesting an important role for SMYD2-

mediated methylation of KMT2D in the therapeutic response of breast cancer.

DISCUSSION

We had previously uncovered a critical role for the lysine methyltransferase KMT2D in 

regulating the interplay between ER and the PI3K/AKT pathway in breast cancer through 

the direct phosphorylation of KMT2D by the PI3K effectors AKT/SGK.4,5 AKT/SGK 

negatively regulate KMT2D through direct S1331 phosphorylation. When PI3K is inhibited, 

this downstream regulatory event is lost, leading to increased chromatin recruitment of 

KMT2D and an upregulation of ER-dependent transcription.4,5 Here, we discovered a 

previously unknown regulatory mechanism for KMT2D function mediated by the direct 

methylation of KMT2D by the lysine methyltransferase SMYD2. While the catalytic activity 

of KMT2D as a H3K4 histone methyltransferase is not affected by SMYD2-mediated 

methylation, ablation of SMYD2 abrogates alpelisib-induced chromatin binding of KMT2D 

genome-wide and at ER cis-regulatory elements. Accordingly, loss of SMYD2 attenuates 

alpelisib-induced gene expression changes, including ER transcriptional output (Figure 6).
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SMYD2 is a member of the SET and MYND domain-containing family of lysine 

methyltransferases and is known to catalyze the lysine methylation of H3K36 and H3K4,27 

as well as non-histone proteins such as p53,18 ERα,13 EZH2,19 p65,15 STAT3,16 RUNX1,17 

YY2,12 and E2F.14 Overexpression and deregulation of SMYD2 has been correlated with 

progression of different tumors, making it a promising therapeutic target in cancer even 

if its role in tumors is not yet fully understood. To this end, research efforts have been 

aimed at developing therapeutic agents targeting SMYD2, and multiple SMYD2 inhibitors 

have been reported.20,21,28 However, most of these inhibitors have been tested in only in 
vitro systems with modest activity as single agents, and whether they have an effect on 

tumors and the underlying mechanisms are unknown.20,21 Our data uncovered for the first 

time that the knockdown or pharmacological inhibition of SMYD2 by multiple inhibitors 

affects the growth of breast cancer cells and patient-derived organoids and sensitizes them 

to PI3K/AKT inhibition or endocrine therapy. Importantly, knockdown of SMYD2 in a 

xenograft model also further sensitized tumors to alpelisib treatment.

Loss of SMYD2 or pharmacological inhibition of SMYD2 also sensitized breast cancer cells 

to current standard-of-care treatments such as the selective ER downregulator fulvestrant. 

This was observed with fulvestrant alone as well as the clinically approved combination of 

fulvestrant with alpelisib. In addition, the AKT inhibitor capivasertib was recently approved 

in combination with fulvestrant after phase III studies demonstrated significant improvement 

in progression-free survival among ER+ breast cancer patients whose disease had progressed 

on aromatase inhibitor therapy with or without a CDK4/6 inhibitor.25 Notably, SMYD2 

inhibitors or knockdown also sensitized breast cancer cells to capivasertib.

Importantly, our results also show that the role of SMYD2 in ER+ breast cancer is partly 

dependent on the methylation of KMT2D, as the K1330A KI cells display common gene 

expression changes, similar growth profiles, and treatment responses to that of inhibition 

of SMYD2. However, we speculate that the role of SMYD2 in ER+ breast cancer is also 

attributed to additional substrates and unknown mechanisms that remain to be delineated.

Regulation of the KMT2D protein by post-translational modification has not been 

previously uncovered, likely due to the large size of KMT2D (~593 kDa), which renders 

biochemical assays challenging. Our recent findings have uncovered a multi-faceted 

regulatory mechanism for KMT2D controlled by AKT/SGK1-mediated phosphorylation 

at S1330 and SMYD2-catalyzed methylation of KMT2D at the adjacent lysine. While 

the phosphorylation event negatively regulates the function of KMT2D, the methylation 

modification positively affects KMT2D function in the context of PI3K inhibition. However, 

future experiments will need to address the functional interplay of these two modifications 

and how they alter the function of KMT2D in breast cancer and other settings. This will 

likely involve association with unknown cofactors that may be disease specific. CRISPR-

CAS9 technology in combination with cryoelectron microscopy studies of full-length 

KMT2D will also provide important structural and functional insights on the regulatory 

mechanisms of KMT2D post-translational modifications.

Altogether, our findings uncover a mechanism that controls and fine-tunes KMT2D function 

at tissue-specific enhancers through post-translational modification by SMYD2, providing 
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a rationale for epigenetic therapy using SMYD2 inhibitors in combination with PI3K/AKT 

inhibitors in ER+/PIK3CA mutant breast cancer (Figure 6). We speculate that methylated 

KMT2D may function as a biomarker of sensitivity to therapeutic agents targeting SMYD2 

in breast cancer. It is likely that SMYD2 potentially regulates other unknown substrates 

that could mediate breast cancer progression and serve as novel drug targets. Our study 

also highlights the importance of identifying the tumor subtypes that are highly addicted to 

chromatin-based mechanisms in order to target the patient population where combination 

therapy with epigenetic drugs will be the most efficacious. To this end, our study, which 

connects oncogenic PI3K signaling with epigenetic-based control of gene expression, 

supports the clinical evaluation of SMYD2 inhibitors in combination with PI3Kα or AKT 

inhibitors in breast cancer, which may bring transformational benefits to breast cancer 

patients.

Limitations of the study

In this study, we demonstrate that the histone methyltransferase KMT2D is methylated 

by SMYD2 at K1330, adjacent to the S1331 site phosphorylated by AKT/SGK. Loss 

of SMYD2 attenuates PI3K inhibitor-induced chromatin binding of KMT2D at ER loci, 

downregulating ER-dependent transcription. Inhibition or genetic perturbation of SMYD2 

sensitizes cells, patient-derived organoids, and tumors to PI3K/AKT inhibitors. While 

methyldead KI clones of KMT2D phenocopy many of the effects of SMYD2 inhibition 

on cell and tumor growth, drug response, and transcriptional output, we hypothesize that 

SMYD2 effects in ER+ breast cancer may also be attributed to additional substrates of 

SMYD2. Mechanistically, we have also identified epigenetic interactors that differentially 

associate with wild-type or methyl-dead KMT2D, which remain to be further characterized. 

Further investigation is also needed using SMYD2 inhibitors in combination with 

PI3K/AKT or anti-ER inhibitors in in vivo xenograft models. This could provide additional 

insights into the clinical potential of SMYD2 inhibitors in combination with PI3K/AKT and 

endocrine therapy in PI3K-driven, ER+ breast cancer.

STAR★METHODS

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. Eneda Toska, etoska1@jhmi.edu.

Materials availability—Inhibitors of SMYD2, plasmids, antibodies, engineered cell lines, 

and other reagents generated in this study are itemized in the key resources table. When 

applicable, these resources will be made available by contacting the lead contact.

Data and code availability

• The next generation sequencing data generated in this manuscript has been 

deposited at GEO, under GSE255295, GSE253957, and GSE253958. These 

datasets are publicly available as of the date of publication.

• This paper does not report original code.
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• Any additional information required to reanalyze the data reported in this work is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vivo animal studies—Animals were maintained based on the institutional guidelines 

of Memorial Sloan Kettering Cancer Center by the Antitumor Assessment Core Facility. For 

the shSMYD2 xenograft study 10 × 106 MCF7 cells in 1:1 DF12 media/Matrigel (Corning) 

were injected subcutaneously into four to six week old female NSG mice maintained in the 

presence of exogenous estradiol added into the drinking water and doxycycline feed. Mice 

were randomized when tumors reached ~130 (mm3) of volume. 5 mice (10 tumors) per 

group were then treated with alpelisib, 25 (mg x kg-1) in 0.5% in carboxymethylcellulose 

(Sigma-Aldrich) daily or vehicle for the indicated times. Tumors were collected at the end of 

the experiments, two to 4 h after the last treatment.

For the MCF7 KI cell line xenograft study 10 × 106 MCF7 cells in 1:1 supplemented 

MEM media/Matrigel (Corning) were injected subcutaneously into four to six week old 

female NSG mice (n = 15) maintained in the presence of exogenous estradiol added into the 

drinking water. Tumors were measured twice weekly.

Cell lines—All cell lines were obtained from ATCC and used at low passages. T47D 

breast cancer cells were maintained in RPMI 1640 with 10% FBS, 1% L-glutamine, and 

1% penicillin-streptomycin. MCF7 breast cancer cells were maintained in DF12 DMEM 

Dulbecco medium with 10% FBS, 1% L-glutamine, and 1% penicillin-streptomycin. HEK 

293T cells were maintained in DMEM Dulbecco medium supplemented with 10% FBS, 

1% L-glutamine and 1% penicillin-streptomycin. Synthego KI cell lines were maintained in 

MEM with 1% sodium pyruvate, 1% Glutamax, 10% FBS, 1% penicillin-streptomycin and 

.01 mg/ml recombinant human insulin. All cell lines were maintained in 5% CO2 at 37°C.

Patient-derived organoids—Organoid models (HCI-011, HCI-017, and HCI-018) were 

obtained via MTA from Alana Welm and were maintained as previously described.24

METHOD DETAILS

Plasmids & lentiviral transfection—The pCMV-HA-KMT2D plasmid was a gift 

from Dr. Laura Pasqualucci from Columbia University. The plx302 V5-KMT2D fragment 

(aa1222–1819) plasmid was generated previously.4 The pcDNA3.1 FLAG-SMYD2 plasmid 

was generated by restriction enzyme-based cloning in the Luo laboratory. The KMT2D 

mutants and SMYD2 mutants were generated using a PCR-based site-directed mutagenesis 

approach. All plasmids were verified by Sanger sequencing. Doxycycline-inducible SMYD2 

knockdown cell lines were generated using the LT3REPIR (pRRL) vector (T3G-dsRED-

mirE/shRNA-PGK-PURO-IRES-rtTA3), pCMV-VSVG, pCMV-dR8.2 vectors as previously 

described.4 All shRNAs were designed using the SplashRNA algorithm (PMID:28263295) 

and expressed from miR-E backbone vectors (PMID: 24332856). Guide sequences are 

shared in the key resources table.
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In vitro methylation assays: Liquid scintillation counting (LSC) and 
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF)—
Scintillation assay reactions were set up using .75μM 3H-SAM (PerkinElmer, 5–15 Ci/mmol 

in 9:1 v/v of sulfuric acid and ethanol). For the lysine methyltransferase screen enzyme 

concentrations were optimized in previous assays: 500nM for EZH1, EZH2, SMYD2, 

SMYD3, Set7/9, SETD2, SUV39H2 and NSD2, GLP (100nM), G9a (200nM) and SETD8 

(1mM). All recombinant methyltransferases were purified from E.coli with the exception 

of the EZH1 (BPS BioScience 51006) and EZH2 (BPS BioScience 51003) complexes. 

KMT2D peptides were synthesized by GenScript and were used at a final concentration of 

5mM. Reactions were run overnight at room temperature. Samples were then spotted on 

Whatman P81 phosphocellulose filter paper (GE Life Sciences) in triplicate. After drying, 

filter paper was washed with 50mM sodium bicarbonate buffer to remove any unreacted 

cofactor. Individual spotted samples were cut into 1.2 × 1.2 cm squares and prepared for 

liquid scintillation counting by the addition of 500 mL distilled water and 5mL Ultima 

Gold scintillation cocktail. Samples were allowed to equilibrate for at least 30 min and then 

CPM (counts per minute) were detected using a Tri-Carb 2910TR liquid scintillation counter 

(PerkinElmer).

Kinetic measurements (Figure 1I) were performed by Reaction Biology using recombinant 

Akt1 (SignalChem) in assay buffer (20 mM HEPES pH 7.5, 10 mM MgCl2,1mM EGTA, 

0.02% Brij35, 0.02 mg/mL BSA, 0.1mMNa3VO4, 2mMDTT,1%DMSO) Enzyme was 

added to substrate in reaction buffer, followed by 33P-ATP to initiate the reactions. 6 

ATP concentrations were used: 1, 3, 10, 30, 100, 300 μM. Activity was measured using a 

filter-binding assay.

For the Matrix Assisted Laser Desorption/Ionization (MALDI) mass spectrometry 

experiment reactions were set up with 500nM SMYD2 enzyme, 20μM peptide and 

50μM SAM cofactor. Reactions were run overnight at room temperature. After reactions 

peptides were separated out of the reaction mixture using ZipTip pipette tips (Millipore 

Sigma) containing a C18 resin. Samples were pipetted 5–10 times and then the tips were 

washed with .1% TFA water and subsequently eluted with 50% acetonitrile/.1% TFA 

water, according to the manufacturer’s protocol. The samples were spotted on a MALDI 

plate using the dried droplet method; the elution sample was mixed with a solution of 

α-cyano-hydroxy-cinnamic acid (CHCA) matrix (Protea Biosciences) dissolved in 50% 

acetonitrile/.1% TFA water. After drying the samples were analyzed on a Voyager-DE STR 

Biospectrometry instrument (Applied Biosystems) at the Rockefeller University Proteomics 

Core Facility. Desorption/ionization was obtained using a delayed-extraction, positive ion 

mode with a 337-nm nitrogen laser.

Immunoprecipitation (IP), immunoblot, in vitro kinase assay, and IP 
methylation assay—For immunoprecipitation assays, HEK293T cells were transfected 

with V5-KMT2D fragment (aa1222–1819) or full-length HA-KMT2D using 

polyethylenimine for 48 h. For experiments with SMYD2 inhibitors the compounds were 

added 24 h after transfection and cells were collected 72 h after transfection. Cells were 

washed with PBS and lysed in RIPA buffer with protease inhibitors and phosphatase 

inhibitors. V5-fragment KMT2D was immunoprecipitated with V5-agarose beads (Sigma 
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A7345) for 2 h at 4°C. After washing, samples were eluted from the beads by heating 

in SDS loading buffer. Samples were run on 4–12% SDS PAGE gels, transferred to a 

nitrocellulose membrane at 70V for 2 h and blotted with an anti-V5 antibody (CST D3H8Q), 

KMT2D K1330me1/me2, and KMT2D pS1331 antibodies generated for this project by 

Eurogentec. HA-KMT2D was immunoprecipitated with EZviewTM RED Anti-HA agarose 

beads (Sigma-Aldrich). Samples for western with endogenous KMT2D or HA-KMT2D 

were resolved on 3–8% gels and transferred to PVDF membranes.

The membranes were probed using specific antibodies-V5 (D3H3Q #13202, CST), Vinculin 

(#4650, CST), KMT2D (A300-BL1185, RB X-ALR, Fortis LifeSciences), phospho-

AKT (Ser473) (D9E #4060, CST), phospho-RXRXX(S/T) (23C8D2 #10001, CST), HA 

(C29F4 #3724, CST), SMYD2 (D14H7 #9734, CST). pKMT2D (S1331) antibodies were 

generated by Eurogentec (third bleed) and affinity purified against GRARLKSTASSIC 

and GRARLKS(PO3H2)TASSIC peptides. K1330me1/2 antibodies were generated by 

Eurogentec.

For in vitro kinase assays, HEK293T cells were transfected with HA-KMT2D or V5-

KMT2D fragment (aa1222–1819) plasmids using polyethylenimine. Cells were collected 

48 h after transfection and treated with 2μM Akt1 inhibitor MK2206 for 1 h before 

collection. Immunoprecipitation was conducted as described above. After washes in lysis 

buffer, beads were resuspended in kinase reaction buffer (25 mM MOPS, pH 7.2, 12.5 mM 

β-glycerolphosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, and 0.25 mM DTT) and 

the kinase (Akt1/2/3 or SGK1, SignalChem) and ATP were added at final concentrations of 

50nM and 200 μM respectively. Reactions were run for 30 min at 30°C, followed by western 

blotting with the indicated antibodies.

For IP methylation assays, HA-KMT2D was immunoprecipitated as described above. On-

bead enzyme activity was assessed using .75μM 3H-SAM and an H3 peptide (aa1–21) 

substrate using the scintillation assay. Methylation reactions were conducted in 50mM Tris 

pH 8, .005% Tween 20 (v/v), .0005% BSA, and 1mM TCEP.

Fractionation assay—Cell pellets were lysed in hypotonic buffer (10mM Hepes-NaOH 

pH 7.9, 10mM KCl, 1.5 mM KCl, 1.5mM MgCl2, .5mM β-mercaptoethanol with protease 

inhibitors). After lysis a final volume of 2% NP-40 was added to each sample. After 

incubation for several minutes on ice, samples were centrifuged 4 °C at 2,400g/rcf for 15 

min. The supernatant was collected as the cytoplasmic fraction. The remaining pellet was 

washed twice with 500ul cold hypotonic buffer and resuspended in 2X cell pellet volume of 

nuclear lysis buffer (10 mM Tris-HCl pH 7.6,150 mM NaCl, 0.5% NP-40, 1 mM DTT, 2 

mM MgCl2, 0.5 mM EDTA with protease inhibitors) for 1 h at 4 °C rotating. Lysed nuclei 

were pelleted at 16,000g/rcf for 15 min at 4 °C and supernatant was collected as the soluble 

chromatin fraction (nuclear). The insoluble pellet was resuspended in 500ul shearing buffer 

(10 mM Tris-HCl, pH 7.6, 1mM EDTA, 0.1% SDS with protease inhibitors) and sonicated 

with a Covaris E220 ultrasonicator for 720 s. The lysate was centrifuged at 16,000g/rcf for 

15 min and the supernatant was collected as the chromatin fraction.
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MTT viability assays—For the alpelisib and capivasertib dose curve experiments, 2,500 

MCF7 cells expressing doxycycline-inducible shRNAs against SMYD2 were seeded per 

well in 96-well plates. +Dox conditions were pre-treated for 3 days with 1 μg/mL 

doxycycline prior to seeding. 24 h after seeding, cells were treated with DMSO or a 2-fold 

serial dilution of alpelisib or capivasertib, starting at 8 μM and 4μM respectively. Dox was 

refreshed at this time. Cells were treated for 5 days before MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenylte-trazolium bromide) solution was added and viability was measured.

For the drug combination experiment, 1,000 MCF7 cells expressing dox-inducible shRNAs 

against SMYD2 were seeded per well in 96-well plates. +Dox conditions were pre-treated 

for 3 days prior to seeding. 24 h after seeding, cells were treated with DMSO, 100nM 

Fulvestrant, 1μM Alpelisib, 1μM Palbociclib, Alpelisib + Fulvestrant, or Palbociclib + 

Fulvestrant. Dox was refreshed at this time. Cells were treated for 10 total days, refreshing 

dox and drug after 5 days, before MTT solution was added and viability was measured.

For MTT assays with SMYD2 inhibitors, cells were seeded in 96 well plates at 2,500 cells 

per well and treated with drug after 24 h. DMSO or SMYD2 inhibitors were added at a 

single dose (5, 10 μM) in combination with a 2-fold serial dilution of alpelisib starting at 8 

μM. Five days after inhibitor treatment MTT reagent was added and viability was measured.

Crystal violet assays—For crystal violet assays MCF7 and T47D cells were plated at 

20,000 or 40,000 cells per well in 12-well plates. Cells were treated with either BYL719 

(125nM), LLY-507 (5μM), or the combination with DMSO as a negative control 24 h after 

plating. Fresh media with inhibitor was added every three days. Cells were stained with 

crystal violet after 8 days of inhibitor treatment. For SMYD2 inducible knockdown cell lines 

cells were treated with 1 μg/mL of doxycycline for 3 days prior to seeding.

K1330A knockin clone generation—Homozygous KMT2D K1330A (AAG>gcG) 

clones were generated by Synthego. Specific guide RNAs, spCas9 and donor templates 

were delivered to MCF7 cells via electroporation. Successfully edited pools were subjected 

to single cell dilution and clonal expansion, with final verification by Sanger sequencing. 

Cells from the WT MCF7 pool underwent mock transfection.

Proliferation assays with K1330A knockin clones—At day one, 2,500 viable cells 

were seeded in 180ul of full medium as technical triplicates on a 96-well plate. The day 

after, cells were treated with either DMSO or the indicated drugs. For drug combination 

experiments all drugs were used at a dose of 1μM. For the alpelisib and capivasertib dose 

curves cells were treated with a 2-fold serial dilution starting at 8 μM. At day 7, 20μL of 

PrestoBlue (#A13262, ThermoFisher) was added to the wells and cells were stained for 30 

min in the incubator (37°C, 5% CO2). Then the emitted fluorescence was read on a BioTek 

Cytation 5 microplate reader (Agilent) at 540/590nm and analyzed using the Gen5 software 

v1.02. Raw values were corrected for media and normalized to DMSO controls. Normalized 

values plotted using Prism5 v9.4.1 are means ± SEM of three biological replicates, and 

p-values were calculated with two-sided unpaired Student’s t tests.
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Growth assays with human PDX-derived organoids—Organoids were cultured in 

matrigel (Corning, 354262) in adequate full media as detailed previously.26 Organoids 

were then harvested and subjected to two TrypLE treatments (ThermoFisher, 12605036) 

of 5 min at 37°C with 250 rpm rotation. 5,000 single cells were then embedded in 

40μL-domes of matrigel in 12-well plates, flipped and incubated for 15 min at 37°C to 

allow polymerization. Full medium with 10μM Y-27632 (Tocris, 1254) containing 1μM 

Fulvestrant, 1μM Alpelisib, 5μM AZ506 or DMSO vehicle control and treated media were 

refreshed every 3 days for 2 weeks. At day 14, domes were resuspended in 100μL of 

PBS and 100μL of Cell-Titer Glo 3D (Promega, G9681). Lysates were distributed in black 

96-well plates and incubated for 15 min at 37°C before the luminescence was read using 

the autogain setting on the Omega FLUOstar luminometer (BMG Labtech, BMG-415–103). 

Raw values were normalized to DMSO controls and normalized values plotted using Prism 

5 v9.4.1 are means ± SEM of three biological replicates and pp-values were calculated with 

two-sided unpaired Student’s t tests.

Survival analysis—TCGA Breast Invasive Carcinoma patients copy number variation 

data in Nature cohort44 was downloaded from cbioportal. Patients without overall survival 

information recorded were filtered out and ER positive patients were extracted for survival 

analysis. Survival of 27 patients with a SMYD2 copy number amplification (CNV = 2) 

was compared with survival of 167 patients without any copy number alteration (CNV = 

0) of SMYD2. Kaplan-Meier curves were used to describe the survival times of patients 

of both groups. Log rank test was used to compare survival times between two groups. R 

package “survival” and “survminer” were used to perform and visualize the analysis. The 

oncoprint was plotted for ER positive patients from the same dataset using Oncoprinter from 

cbioportal.

Signature activity score—The transcriptomic data of breast cancer patients from TCGA 

and the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) 

breast cancer cohorts was obtained from the cBioPortal (http://cbioportal.org).32,30,31 For the 

analysis, only breast cancer patients with ER-positive status were included. These patients 

were divided into groups based on the median expression of SMYD2. Estradiol response-

related signatures were obtained from MSigDB.35,37 R package GSVA 1.40.1 was used to 

calculate the activity scores of these signatures. The significance of the activity scores was 

assessed using a T test.

RNA extraction, cDNA synthesis, and quantitative real-time PCR—Total RNA 

was extracted from cells using RNeasy Mini kit (Qiagen). cDNA synthesis was performed 

using the Bio-Rad iScript cDNA synthesis kit according to the manufacturer’s instructions. 

The qPCR SYBR green master mix (Applied Biosystems) was used to amplify specific 

cDNA fragments with the oligonucleotides listed below using QuantStudio 5 (Applied 

Biosystems). The data was analyzed by the change-in-threshold (2—ΔΔCT) method using 

GAPDH as a housekeeping genes to obtain relative RNA expression.

RNA-seq analysis and gene set enrichment analysis (GSEA)—FastQC v0.11.9 

(Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence Data. 
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to perform quality 

control for all sequencing fastq files. These fastq files were then quantified using Salmon 

v1.10.0.33 Salmon provides fast and bias-aware quantification of transcript expression with 

the human reference genome hg38. The differentially expressed genes were identified 

by DESeq2 v1.40.1,34 filtered by pp-values adjusted for multiple tests inflation. The 

downstream PCA plot, heatmaps, and volcano plots were created based on DESeq2 results 

with a log-transformed expression matrix.

To perform gene set enrichment analysis, DESeq2 was used to obtain the normalized input 

gene expression matrix for the GSEA software v4.3.35,36

The reference gene sets for GSEA, specifically the hallmark gene sets (H), positional gene 

sets (C1), curated gene sets (C2), regulatory target gene sets (C3), computational gene sets 

(C4), ontology gene sets (C5), oncogenic signature gene sets (C6), immunologic signature 

gene sets (C7), and cell type signature gene sets (C8), are from The Molecular Signatures 

Database (MSigDB).35,37

ChIP-seq—Cells were crosslinked in adherent conditions with paraformaldehyde added at 

a final concentration of 1%, and incubated at room temperature for 15 min. The crosslinked 

cells were quenched with ice-cold glycine for 5 min, washed with PBS and collected. The 

cells were then lysed with SDS lysis buffer [10 (mL) of 1% SDS, 10 (mM) EDTA, 50 

(mM) Tris-HCl, pH 8.1) containing protease and phosphatase inhibitors (Roche) for 15 min 

prior to sonication. Cells were sonicated in 10 s pulses for a total of 10 min. The sheared 

chromatin was diluted with ChIP Dilution buffer [0.01% SDS, 1.1% Triton X-100, 1.2 

(mM) EDTA, 16.7 (mM) Tris-HCl, pH 8.1, 167 (mM) NaCl] and incubated overnight with 

Protein G Dynabeads (Thermo Fisher Scientific), which were pre-incubated with specific 

antibodies. KMT2D (HPA035877) ChIP antibody was obtained from Sigma-Aldrich. The 

immune complexes were washed twice with low salt wash buffer [0.1% SDS, 1% Triton 

X-100, 2 (mM) EDTA, 20 (mM) Tris-HCl, pH 8.1, 150 (mM) NaCl], high salt wash buffer 

[0.1% SDS, 1% Triton X-100, 2 (mM) EDTA, 20 (mM) Tris-HCl, pH 8.1, 500(mM) NaCl], 

LiCl wash buffer [0.25 (M) LiCl, 1% NP40, 1% deoxycholate, 1 (mM) EDTA, 10(mM) 

Tris-HCl, pH 8.1] and 1x TE buffer [10 (mM) Tris-HCl, 1 (mM) EDTA pH 8.0]. The 

complexes were eluted with elution buffer [1% SDS, 0.1 (M) NaHCO3]. The eluates were 

reverse crosslinked at 65 (°C) for 4 h by adding 20 (μM) of 5 (M) NaCl followed by 

proteinase K treatment for 1 h at 4 (°C). DNA fragments were eluted using AMPure beads 

and generated libraries were high-throughput sequenced using HiSeq 2500 (Illumina).

ChIP-seq analysis—The adaptors in ChIP-seq FASTQ files were trimmed using 

Trimmomatic. The remaining reads were aligned to hg38 using bowtie2 v2.4.2.38 PCR 

duplicates were removed using the MarkDuplicates function in Picard. Then, the bw files 

were generated by the genomeCoverageBed function in bedtools v2.30.0 with a scaling 

factor of Reads Per Kilobase per Million mapped reads (RPKM). Peaks were called using 

MACS2 v2.1.1.40 The peak count for each sample was determined using the countOverlaps 

function from the R package GenomicAlignments v1.36.0.41
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Regarding the cluster analyses, for each comparison group, the peaks from two samples 

were merged together. The scores per peak (SPP) matrix was then calculated on those peaks 

using corresponding normalized bigwig files with deepTools multiBigwigSummary. The 

peaks were clustered into three groups by the difference of SPP of two samples (cluster1/

unchanged: treated - control <3, cluster2/up-regulated: treated - control ≤ −3, cluster3/down-

regulated: treated - control ≥ 3). Heatmaps were plotted on three clusters of reference peaks 

using computeMatrix and plotHeatmap in deepTools.42

For the overlap of KMT2D and GRHL2 ChIP-seq peaks were called using macs2 and peaks 

from two replicates (GSM2171834, GSM2171835) were retained and merged together. 

Merged GRHL2 peaks were intersected with KMT2D peaks using findOverlapsOfPeaks 

function in R. The overlapped peaks were annotated using HOMER and the pie plots were 

made to visualize the genomic distribution of the annotations.43 Overlap with H3K27ac 

ChIP-seq (GSM3526008, GSM3526009) was performed in the same manner.

CUT&RUN—MCF7 cells were transfected with either empty vector or FLAG-SMYD2 for 

48 h. FLAG-SMYD2 CUT&RUN were performed with Epicypher’s CUTANA CUT&RUN 

kit v2.1 and library preparation kit v1.0 following the manufacturer’s instructions using 

an FLAG antibody (CST 14793). No E. coli spike-in was used. Library quality and 

concentrations were assessed using the D1000 TapeStation system (Agilent). Libraries 

were sequenced for 25 cycles in 75-bp paired-end mode on Illumina Novaseq 6000 and 

data were analyzed as described.45 Briefly, adapters were clipped and paired-end Homo 
sapiens reads were mapped to UCSC hg38 using Bowtie2 (with parameters: –end-to-end 

–very-sensitive –no-mixed –no-discordant -q –phred33 -I 10 -X 700). Continuous-valued 

data tracks (bed-Graph and bigWig) were generated using genomecov in bedtools v.2.30.0 

(-bg option) and normalized as fraction of total counts. Genomic tracks were displayed using 

Integrated Genome Browser. SMYD2 CUT&RUN peaks were called by SEACR (v.1.3) 

using the stringent settings. Tornado plots and metaprofiles were generated using deepTools 

v.3.5.1. De novo motif discovery was performed using HOMER v3.4 findMotifsGenome.pl 

script with default settings.43

Immunoprecipitation-mass spectrometry (IP-MS)—Preparation of lysate, 

immunoprecipitation, and tryptic peptides: Cell pellets were resuspended in 500 μL of Lysis 

Buffer with 50mM EPPS((4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid), Sigma, 

cat#H3375), pH 7.5, 150mM NaCl, 1% v/v triton-100 with protease and phosphatase 

inhibitors and 1 μL of benzonase (334U/μl EMD Millipore, cat# 71206–3) Lysates were 

clarified by centrifuging at 20,000 g at 4C for 5 min. The supernatants were filtered through 

1μm glass fiber plate (Pall Corporation Acropep Advance, cat# 8231) at 1000 X g for 1 

min. V5-tagged KMT2D was immunoprecipitated using V5 antibody (ab9116) and protein 

A DynaBeads. The supernatants were removed and the beads were washed 5 times with 

ice-cold wash buffer with 50mM EPPS pH 7.5, 150mM NaCl. The beads were digested 

with 30μL of 10mM EPPS buffer pH 8.5, with 20 ng/μl of trypsin and 10 ng/μl of LysC for 

1400 rpm at 37C for 2 h. The digests were transferred into new tubes and digested at 37 C, 

1400rpm overnight.
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TMT labeling: TMTpro 16 plex label reagent (Thermo, cat#A44520#) were added directly 

to the digests with anhydrous Acetonitrile (sigma, cat271004) adjusting to 30 percent. The 

labeling reactions were performed at room temperature for 1 h. The left over TMT tags were 

quenched with 10μL of 0.5% hydroxylamide (Aldrich, cat#467804) and final concentration 

to be 0.2% for 15 min. The samples were pulled together and were dried by speed-vacuum.

High pH peptide fractionation: The dried TMT labeled peptides were desalted by a Sep-Pak 

Vac 1cc (50mg) tC18 Cartridges (Waters, cat WAT054960). The desalted TMT labeled 

peptides were fractionated by high pH spin column (Thermo Scientific, cat 84868, following 

vendor’s instruction) into 8 fractions. Four final fractions were combined from the previous 

8 fractions (i.e., fractions 1, 5 were pooled, followed by fractions 2, 6, etc.).

LC-MS/MS data collection: Pooled fractions were vacuum-centrifuged then reconstituted 

in 1% ACN/0.1% FA and 1μg of sample was injected for LC-MS/MS. Four final fractions 

were analyzed by LC-MS/MS using an Easy-nLC 1200 HPLC (Thermo Fisher Scientific) 

with a 50 cm (inner diameter 75mm) EASY-Spray Column (PepMap RSLC, C18, 2μm, 

100Å ) heated to 60°C coupled to a Orbitrap Fusion Lumos Tribrid Mass Spectrometer 

(Thermo Fisher Scientific). Peptides were separated at a flow rate of 300 nL/min using a 

linear gradient of 1–35% acetonitrile (0.1% FA) in water (0.1% FA) over 4 h and analyzed 

by SPS-MS3. MS1 scans were acquired over a range of m/z 375–1500, 120K resolution, 

AGC target of 4×105, and maximum IT of 50 ms. MS2 scans were acquired on MS1 scans 

of charge 2–7 using an isolation of 0.7 m/z, collision induced dissociation with activation of 

35%, turbo scan and max IT of 50 ms. MS3 scans were acquired using specific precursor 

selection (SPS) of 10 isolation notches, m/z range 100–1000, 50K resolution AGC target of 

1×105, HCD activation of 65%, and max IT of 150 ms. The dynamic exclusion was set at 38 

s.

Raw data files were processed using Proteome Discoverer (PD) version 2.4.1.15 (Thermo 

Scientific). For each of the TMT experiments, raw files from all fractions were merged 

and searched with the SEQUEST HT search engine with a Homo sapiens UniProt protein 

database downloaded on 2019/01/09 (176,945 entries). cysteine carbamidomethylation was 

specified as fixed modifications, while Methionine oxidation, acetylation of the protein N 

terminus, TMTpro (K) and TMTpro (N-term) and Deamidation (NQ) were set as variable 

modification. The precursor and fragment mass tolerances were 10 ppm and 0.6 Da 

respectively. A maximum of two trypsin missed cleavages were permitted. Searches used 

a reversed sequence decoy strategy to control peptide false discovery rate (FDR) and 1% 

FDR was set as threshold for identification.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and number of replicates are demonstrated in the appropriate figure 

legends and the method details section. Briefly, p values were calculated using Student’s t 

test and error bars are ± STD or SEM as indicated. p values for the in vivo experiments were 

calculated using a two-sided Mann-Whitney U-test.
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Supplementary Material

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

• KMT2D is methylated at K1330 by SMYD2

• There is crosstalk between phosphorylation of KMT2D at S1331 and 

methylation at K1330

• Loss of SMYD2 abrogates PI3Ki-induced KMT2D chromatin binding and 

ER-dependent transcription

• Inhibition of KMT2D methylation sensitizes cells and tumors to PI3K/AKT 

inhibition
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Figure 1. KMT2D is methylated by SMYD2 at K1330
(A) Schematic showing the domain structure of lysine methyltransferase KMT2D and the 

conserved AGC consensus site containing both the S1331 phosphorylation site modified by 

AKT/SGK1 (previously published) and the identified methylation site at K1330. Sequence 

alignments for the indicated species were performed using Clustal W2.

(B) In vitro screen of recombinant protein lysine methyltransferases (PKMTs) to identify 

the methyltransferase able to catalyze K1330me. Radiometric assays were conducted using 
3H-S-adenosyl-L-methionine (SAM) and a KMT2D peptide (amino acids [aa] 1,321–1,343) 
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and activity was measured as 3H counts per minute (3H-CPM) using liquid scintillation 

counting. Peptide only and enzyme only controls were included to indicate background 

signal from the KMT2D peptide and PKMTs respectively (n = 3 biological replicates, 

representative shown).

(C) Radiometric methylation assay as in (B), using the wild-type KMT2D peptide and 

KMT2D peptides with the K1330 site mutated to alanine (K1330A) or arginine (K1330R).

(D) Fragment constructs of KMT2D (aa 1,222–1,819) with a c-terminal V5 tag were 

overexpressed in HEK293T cells and immunoprecipitated using V5-conjugated agarose 

beads. Wild-type KMT2D was compared to K1330A/R mutant constructs generated 

with site-directed mutagenesis. Site-specific antibodies (Eurogentec) were used to detect 

K1330me1 and K1330me2.

(E) Full-length (FL) wild-type or mutant KMT2D constructs with an N-terminal HA tag 

were expressed in HEK293T cells and immunoprecipitated using HA-conjugated agarose. 

Site-specific antibodies were used to detect K1330me1/2 modifications on full-length 

KMT2D.

(F) Lysates from stable T47D cell lines with two different doxycycline-inducible shRNAs 

were used to detect changes in K1330me1/2 upon loss of SMYD2.

(G) Wild-type V5-tagged KMT2D constructs were co-expressed with wild-type SMYD2 

in HEK293T cells and treated with the indicated doses of LLY507, a catalytic inhibitor 

of SMYD2, for 48 h before collection. Following immunoprecipitation, samples were 

subjected to immunoblot with K1330me1/2 antibodies.

(H) Same as in (G) but with a different catalytic inhibitor of SMYD2, AZ506.

(I) Kinetic analysis of recombinant AKT1 activity on KMT2D wild-type, mutant, or 

modified peptides. Reactions were conducted using 33P-ATP and detected using a 

radiometric filter-binding assay (Reaction Biology).

(J) V5-tagged fragment wild-type KMT2D and point mutants were overexpressed and 

immunoprecipitated from HEK293T cells, followed by immunoblot with the pS1331 

antibody. One representative western blot is shown and the differences in pS1331 are 

quantified on the right (n = 3 biological replicates, mean, SD). Indicated p values were 

calculated using an unpaired, two-tailed Student’s t test.

(K) In vitro methylation assay using recombinant SMYD2 and wild-type, mutant, or 

modified KMT2D peptides (aa 1,321–1,343), conducted as in Figures 1B and 1C.

(L) V5-tagged fragment wild-type KMT2D and point mutants were overexpressed and 

immunoprecipitated from HEK293T cells, followed by immunoblot with K1330me1/me2 

antibodies.
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Figure 2. SMYD2 methylation of KMT2D affects KMT2D binding genome-wide and cofactor 
associations in breast cancer
(A) In vitro methylation assay to assess activity of immunoprecipitated full-length KMT2D 

wild type and mutants on an H3 peptide substrate (aa 1–21). A catalytic-dead mutant of 

KMT2D (Y5426A) was used as a control. Substrate only and enzyme only samples were 

used to control for background signal from the H3 peptide and KMT2D mutants respectively 

(n = 3 biological replicates, representative shown).

(B) Western blot of SMYD2 and vinculin in MCF7 cells transduced with shSMYD2–1 or 

shSMYD2–2.
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(C) Tornado plot of KMT2D ChIP-seq showing global binding sites of KMT2D in MCF7 

cells with doxycycline-inducible SMYD2 knockdown. Cells were treated with DMSO or 1 

μM PI3Kα inhibitor alpelisib for 8 h before crosslinking.

(D) KMT2D binding at estrogen receptor (ER) target loci (GEO: GSE59530) in all 

aforementioned conditions.

(E–G) Cluster analysis of KMT2D ChIP-seq peaks comparing SMYD2 knockdown alone 

(E), alpelisib treatment alone (F), and the combination of SMYD2 knockdown and alpelisib 

treatment (G). HOMER motif analysis for the clusters with differential KMT2D binding was 

performed with top significant motifs shown to the right of their respective heatmaps.

(H) KMT2D binding at ER-FOXA1 target genes IGFBP4 and GREB1 with SMYD2 

knockdown and/or alpelisib treatment.
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Figure 3. SMYD2 knockdown abrogates alpelisib-induced changes in gene expression, including 
ER-dependent transcription
(A) Heatmap of RNA-seq data showing the subset of genes in MCF7 cells regulated by 

alpelisib treatment (3,995), with and without SMYD2 knockdown (1,248 differential, log2 

fold change >0.5 and adjusted p value <0.1). Cells were treated with 1 μM alpelisib for 24 h 

before collection (n = 3 technical replicates).

(B) Plot of C2 pathways from gene set enrichment analysis (GSEA) in SMYD2 knockdown 

compared to control in DMSO and alpelisib treatment conditions. All gene sets shown 

were significant with a p value of <0.05. Nominal p values and false discovery rate (FDR) 

adjusted p values were calculated using the GSEA package. Normalized enrichment score 

(NES) for each gene set is indicated on the x axis.

(C) GSEA plot of the Dutertre estrogen response gene set in SMYD2 knockdown compared 

to control in both DMSO and alpelisib treatment conditions. Nominal p values and FDR 

adjusted p values were calculated using the GSEA package.

(D) Gene set variation analysis (GSVA) results of estrogen-responsive gene sets in ER+ 

patient samples from the TCGA and METABRIC datasets corresponding with median 

SMYD2 mRNA level. Data are shown as median with interquartile range and analyzed using 

a two-tailed Student’s t test.
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Figure 4. SMYD2 inhibition improves the therapeutic response of breast cancer to PI3K/AKT 
inhibitors in vitro and in vivo
(A) MTT proliferation assays with doxycycline-inducible SMYD2-knockdown MCF7 cell 

lines using a dose response of alpelisib for a treatment period of 5 days. Significance at 

individual doses was assessed using an unpaired, two-tailed Student’s t test. p values are 

indicated as follows: *p < 0.05,** p < 0.01,***p < 0.001 and ****p < 0.0001 (n = 3 

biological replicates, representative shown, mean, SD).
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(B) MTT proliferation assays with doxycycline-inducible SMYD2-knockdown T47D cell 

lines using a dose response of alpelisib for a treatment period of 5 days. p values are 

indicated as in (A) (n = 3 biological replicates, representative shown, mean, SD).

(C) MTT assays with a shSMYD2 MCF7 cell line treated with fulvestrant, alpelisib, and 

the combination for a treatment period of 10 days. Drug concentrations were as follows: 

fulvestrant 100 nM, alpelisib 1 μM. Indicated p values were generated with an unpaired, 

two-tailed Student’s t test (n = 3 biological replicates, representative shown).

(D) MTT proliferation assays with shSMYD2 MCF7 cell lines using a dose response of the 

AKT inhibitor capivasertib for a treatment period of 5 days. p values are indicated as in (A) 

(n = 3 biological replicates, representative shown, mean, SD).

(E) MTT assays in MCF7 cells to assess the combination of a single dose of SMYD2 

catalytic inhibitors AZ506 (10 μM) and AZ39 (10 μM) with a dose response of alpelisib for 

a treatment period of 5 days. p values are indicated as in (A) (n = 3 biological replicates, 

representative shown, mean, SD).

(F) MTT assays in T47D cells to assess the combination of a single dose of SMYD2 

catalytic inhibitors AZ506 (5 μM) and AZ39 (10 μM) with a dose response of alpelisib for 

a treatment period of 5 days. p values are indicated as in (A) (n = 3 biological replicates, 

representative shown, mean, SD).

(G) CTG assays of PDX-derived organoids treated for 14 days with 5 μM AZ506, alpelisib 

1 μM, fulvestrant 1 μM, or the combination of AZ506 and alpelisib. Statistical analysis was 

conducted using an unpaired, two-tailed Student’s t test (n = 3 biological replicates, mean, 

SEM).

(H) Images using 4× magnification microscopy of organoids treated as described in (G). 

Scale bar: 200 μm.

(I) Xenograft study using the doxycycline-inducible shSMYD2 cell line. Mice were treated 

daily with vehicle or alpelisib (25 mg/kg) for the indicated time course. p values were 

calculated using a two-sided Mann-Whitney U test (n = 5 per group, mean, SEM).

(J) Western blot of xenograft tumor samples validating doxycycline-induced knockdown of 

SMYD2 and catalytic inhibition of PI3Kα as measured by AKT pS473.

(K) Kaplan-Meier curves showing survival of TCGA ER+ breast cancer patients stratified by 

the presence or absence of SMYD2 amplification. p value calculated using log rank test.
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Figure 5. SMYD2-mediated methylation of KMT2D affects the therapeutic response of breast 
cancer to PI3K/AKT inhibitors
(A) PrestoBlue assays with K1330A CRISPR KI clones compared to unmodified MCF7 

cells using a dose response of the PI3K inhibitor alpelisib for a treatment period of 5 days. 

Significance at individual doses was assessed using an unpaired, two-tailed Student’s t test. 

p values are indicated as follows: *p < 0.05,**p < 0.01,***p < 0.001, and ****p < 0.0001 (n 
= 3 biological replicates, mean, SEM).

(B) PrestoBlue assays with K1330A CRISPR KI clones compared to unmodified MCF7 

cells using a dose response of the AKT inhibitor capivasertib for a treatment period of 5 

days (n = 3 biological replicates, mean, SEM).
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(C) PrestoBlue assays using K1330A CRISPR KI clones compared to unmodified MCF7 

cells to assess the effect of fulvestrant, alpelisib, and the combination. All drugs were used 

at 1 μM concentration. Treatments were conducted for 7 days and statistical analysis was 

conducted using a two-tailed unpaired Student’s t test (n = 3 biological replicates, mean, 

SEM).

(D) Xenograft study using unmodified MCF7 and the K1330A CRISPR KI Clone-2. Tumor 

volume was measured for the indicated time course. p values were calculated using a 

two-sided Mann-Whitney U test (n = 15 per group, mean, SEM).

(E) Heatmap of RNA-seq conducted in the K1330A CRISPR KI clones with and without 

alpelisib treatment. Genes were filtered using an adjusted p value <0.1 and the heatmap was 

generated using k-means clustering. The overlapped differential genes for the two K1330A 

clones were used for the analysis. The number of genes in each cluster (1–5) is indicated on 

the left (n = 3 technical replicates).

(F) Heatmap showing the differential expression of genes regulated by alpelisib treatment in 

the K1330A CRISPR KI clones compared to the unmodified MCF7 control. (total of 436 

genes, 137 differentially expressed with log2fold change >0.5 and adjusted p value <0.1) 

Cells were treated with 1 μM alpelisib for 24 h before collection.

(G) RT-qPCR analysis of ER target genes in MCF7 K1330A CRISPR KI clones compared 

to wild type, treated with ethanol or 100 nM estradiol (E2) for 24 h. p values were generated 

using a two-tailed Student’s t test (n = 3 biological replicates, representative shown, mean, 

SEM).

(H) Venn diagrams indicating the overlapped genes from the MCF7 shSMYD2 RNA-seq 

and the MCF7 K1330A CRISPR KI RNA-seq in each treatment condition (DMSO or 

alpelisib). Differential genes from each RNA-seq dataset were used for the knockdown 

(shSMYD2 versus control) and for the KI (overlap between K1330A clones versus wild 

type), filtered by adjusted p value <0.1.
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Figure 6. Proposed model
We had previously uncovered a critical role for the lysine methyltransferase KMT2D in 

regulating the interplay between ER and the PI3K/AKT pathway in breast cancer through 

the direct phosphorylation of KMT2D by the PI3K effectors AKT/SGK4,5 (first panel). 

AKT/SGK negatively regulate KMT2D through direct S1331 phosphorylation. When PI3K 

is inhibited, this downstream regulatory event is lost, leading to increased chromatin 

recruitment of KMT2D and an upregulation of ER-dependent transcription.4,5 Here we 

discovered a previously unknown regulatory mechanism for KMT2D function mediated 

by the direct methylation of KMT2D by the lysine methyltransferase SMYD2 (middle 

panel). Ablation of SMYD2 abrogates alpelisib-induced chromatin binding of KMT2D 

genome-wide and at ER cis-regulatory elements. Accordingly, loss of SMYD2 attenuates 

alpelisib-induced gene expression changes, including ER transcriptional output. Knockdown 

or pharmacological inhibition of SMYD2 sensitizes breast cancer cells, patient-derived 

organoids, and tumors to PI3K/AKT inhibition and endocrine therapy through KMT2D 

K1330 methylation (last panel).
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