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SUMMARY
Molecular mechanisms underlying adaptive targeted therapy resistance in pancreatic ductal adenocarci-
noma (PDAC) are poorly understood. Here, we identify SETD5 as a major driver of PDAC resistance to
MEK1/2 inhibition (MEKi). SETD5 is induced by MEKi resistance and its deletion restores refractory PDAC
vulnerability to MEKi therapy in mouse models and patient-derived xenografts. SETD5 lacks histone methyl-
transferase activity but scaffolds a co-repressor complex, including HDAC3 and G9a. Gene silencing by the
SETD5 complex regulates known drug resistance pathways to reprogram cellular responses to MEKi. Phar-
macological co-targeting of MEK1/2, HDAC3, and G9a sustains PDAC tumor growth inhibition in vivo. Our
work uncovers SETD5 as a key mediator of acquired MEKi therapy resistance in PDAC and suggests a
context for advancing MEKi use in the clinic.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the dead-

liest major cancer types, killing on a yearly basis more than

430,000 patients worldwide (Rawla et al., 2019). The 5-year sur-

vival rate of PDAC is <8%, with progress in improving outcomes
Significance
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lagging behind most other neoplastic diseases (Siegel et al.,

2019). The difficult prognosis of PDAC is due to the disease typi-

cally being diagnosed at an advanced stage, at which point sur-

gical resection is not beneficial, and the absence of effective

medical options (Ryan et al., 2014). The vast majority of PDAC

cases are driven by oncogenic activating mutations in KRAS
gnancy with few treatment options. A major roadblock in de-
pid emergence of resistant cancer cells. Here, we show that
sistance to MEKi. We find that acute deletion of SETD5 in
f tumors to targetedMEKi therapy. Pharmacologic blockade
ETD5 disrupts a SETD5-driven resistance program and sus-
and human models of PDAC. Together, our study reveals a
EK inhibitors to treat PDAC.

mailto:ogozani@stanford.edu
mailto:pkmazur@mdanderson.org
https://doi.org/10.1016/j.ccell.2020.04.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccell.2020.04.014&domain=pdf


B

C E

F G

D

A

Figure 1. Identification of SETD5 as a Candidate Regulator of PDAC Cell Resistance to MEKi

(A) Schematic of the screen to identify methyltransferases conferring sensitivity to the MEKi trametinib. MiaPaCa2 pancreatic cancer cells infected with a pooled

high-coverage shRNA library were split into two subpopulations and treated as indicated. The frequency of shRNA-encoding constructs in each subpopulation

was determined by deep sequencing. See also Table S1.

(B) shRNAs targeting SETD5 sensitize cells to MEKi. A quantitative resistance phenotype rwas calculated for each shRNA based on the sequencing frequency in

the two subpopulations. The graph compares the distribution of r for shRNAs targeting a gene of interest (shown here SETD5) to the r distribution for negative

control shRNAs using the Mann-Whitney U test that yielded a p value for the gene.

(C)Western analysis with the indicated antibodies of whole-cell extracts (WCEs) fromMiaPaCa2 cells ±MEKi and depleted for SETD5 by Cas9/sgRNA (sgSETD5)

or control (sgControl). Actin shown as a loading control.

(D) SETD5 knockdown synergizes with MEKi to attenuate cell proliferation. Confluency of MiaPaCa2 cells as in (C) treated for 120 h with MEKi (trametinib 15 nM)

or vehicle control. Data are represented as mean ± SEM of three technical replicates in two independent experiments. *p < 0.033, **p < 0.002, ***p < 0.0001 by

two-way ANOVA with Tukey’s testing for multiple comparisons.

(E) SETD5 depletion increases MiaPaCa2 cells sensitivity to MEKi. Cellular viability in response to trametinib at the indicated doses in MiaPaCa2 cells ± SETD5.

The calculated geometric mean half-maximum inhibitory concentration (IC50) values for MEKi are shown. Data represented as mean ± SEM of three technical

replicates in two independent experiments.

(F) Schematic of acquisition of pancreatic tissue biopsies from Kras;p53 PDAC mouse model through abdominal laparotomy. The tumor biopsy cores were

removed from mice before treatment (first biopsy, naive tumor, red) after initial treatment with MEKi (second biopsy, MEKi-responsive tumor, green) and upon

(legend continued on next page)

ll
Article

Cancer Cell 37, 834–849, June 8, 2020 835



ll
Article
(Almoguera et al., 1988). However, besides recent promising

data with KRAS(G12C)-specific inhibitors (a mutation found in

<1% of PDAC) (Canon et al., 2019), drugging the KRAS muta-

tions typically associated with PDAC has been unsuccessful

(Stephen et al., 2014). As an alternative approach, drug discov-

ery efforts have focused on targeting downstreamKRAS effector

pathways. In particular, drugs targeting the mitogen-activated

protein kinase (MAPK) signaling cascade, a canonical pathway

downstream of KRAS, have been clinically explored (Collisson

et al., 2012; Manchado et al., 2016; Sun et al., 2017; Zhao and

Adjei, 2014). MEK inhibibion (MEKi)-based therapies have

achieved FDA approval for some cancer types; however, clinical

trials for PDAC have been less encouraging (Bodoky et al., 2012;

Infante et al., 2014). The failure of MEKi in PDAC is likely due to

adaptive signaling and the development of therapy resistance

(Ponz-Sarvise et al., 2019). Thus, understanding the mecha-

nisms underlying resistance acquisition in PDAC to targeted

therapies is likely to lead to improved treatment modalities

(Sun et al., 2017). In this context, pathways implicated in promot-

ing MEKi resistance in PDAC include cellular programs that

regulate oxidative phosphorylation and mitochondrial function,

autophagy, lysosome activity, and compensatory induction of

other pathways, such as phosphoinositide 3-kinase (PI3K)

signaling, receptor tyrosine kinase signaling pathways (e.g.,

ERBB and FGFR1), and YAP1-regulated pathways (Bryant

et al., 2019; Kapoor et al., 2014; Kinsey et al., 2019b; Manchado

et al., 2016; Perera et al., 2015; Ponz-Sarvise et al., 2019;

Shao et al., 2014; Viale et al., 2014). While treatment regimens

using dual inhibition of MEK and certain resistance pathways

(e.g., PI3K and EGFR) have to date been ineffective (Chung

et al., 2017; Ko et al., 2016), ongoing trials co-targeting auto-

phagy and oxidative phosphorylation are pending (Kinsey

et al., 2019a;Molina et al., 2018). However, whether there are un-

derlying clinically actionable epigenetic-based mechanisms

regulating general resistance programs is not known.

The chromatin-associated protein SETD5 contains a catalytic

methyltransferase SET domain and is thus annotated as a

candidate protein lysine methyltransferase (KMT) (Husmann

and Gozani, 2019). However, whether SETD5 is an active

enzyme is unclear. The SETD5 gene is commonly mutated in

patients with intellectual disabilities and autism spectrum disor-

ders (Deliu et al., 2018; Grozeva et al., 2014). SETD5 knockout

mice die early in development due to cardiovascular defects

and other abnormalities and SETD5 deletion in embryonic

stem cells impaired proliferation and differentiation with altered

gene expression (Deliu et al., 2018; Osipovich et al., 2016;

Sessa et al., 2019). Setd5 haploinsufficiency also leads to aber-

rant gene expression in neuronal tissue and is associated with

cognitive and behavioral defects in mice (Deliu et al., 2018;

Sessa et al., 2019). Finally, independent Sleeping Beauty trans-

poson mutagenesis-based in vivo screens identified SETD5 as

a common insertion site that cooperates with KRAS to accel-

erate pancreatic carcinogenesis (Mann et al., 2012; Perez-Man-
tumor relapse with increased volume (third biopsy, MEKi-resistant tumor, purple

volume in Kras;p53 mutant mice area shown. Scale bars, 10 mm.

(G) SETD5 expression increases in PDAC tumors upon the development of ME

biopsies from Kras;p53 mouse model as described in (F). Three independent and

See also Figure S1.
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cera et al., 2012). However, functions for SETD5 in cancer are

largely unexplored.

RESULTS

Identification of SETD5 as a Candidate Regulator of
PDAC Cell Resistance to MEKi
To explore possible connections between chromatin regulation,

protein methylation, and the development of targetedMEKi ther-

apy resistance in Ras-driven pancreatic cancer, we performed a

high-content small hairpin RNA (shRNA) screen (Kampmann

et al., 2014). The pancreatic cancer cell line MiaPaCa2, which

harbors mutant KRAS (Sulahian et al., 2019), was transduced

with a pooled high-coverage library containing 25 independent

shRNAs directed against each of 95 known and putative human

methyltransferase genes, including the vast majority of known

KMTs present in the human genome (see schematic Figure 1A).

After transduction, cells were treated with the MEKi trametinib or

vehicle control and differences in shRNA abundance after

12 days were used to identify candidate genes influencing the

drug response (Figures 1A and 1B) (Sulahian et al., 2019).

Notably, out of the 2,375 shRNAs in the library, the ones that

rendered cells most sensitive to trametinib targeted the candi-

date histone KMTSETD5 (Figure 1B; Table S1). The direct deple-

tion of SETD5 in MiaPaCa2 cells (Figure 1C) attenuated cellular

proliferation, although to a lesser degree than trametinib treat-

ment (Figure 1D). Combining SETD5 depletion with trametinib

treatment effectively inhibited cell proliferation (Figure 1D), with

SETD5 depletion decreasing the half-maximum inhibitory con-

centration of trametinib in MiaPaCa2 and five additional human

PDAC cell lines by roughly 2.5-fold (Figures 1E and S1A–S1E).

Consistent with these results, computational analysis of publicly

available gene expression data suggests that SETD5 is overex-

pressed in pancreatic cancer (Figure S1F). Furthermore,

SETD5 immunohistological signal is high in human PDAC sam-

ples relative to healthy tissue and this signal negatively correlates

with patient survival (Figures S1G and S1H). Based on these data

and previous studies (Mann et al., 2012; Perez-Mancera et al.,

2012) we postulated a role for SETD5 in PDAC pathology.

We generated conditional Setd5LoxP/LoxP knockout mice to

test the role of SETD5 in cancer in vivo. Setd5LoxP/LoxP mice

develop normally, are viable, and fertile (data not shown). Dele-

tion ofSetd5 in the pancreas using the pancreas-specific Cre-re-

combinase-expressing strain Ptf1aCre/+ (Kawaguchi et al., 2002)

(Figure S2A) resulted in no apparent developmental conse-

quences (data not shown). To investigate the role of SETD5 in

KRAS-driven PDAC development, we used the Ptf1a+/Cre;

Kras+/LSL-G12D;p53LoxP/LoxP (Kras;p53) mutant model in which

morbid PDAC develops with 100% penetrance 6–8 weeks after

birth (Bardeesy et al., 2006; Hingorani et al., 2005). In this aggres-

sive malignancy model, Setd5 deletion resulted in a modest

extension in median survival relative to control (Figures S2B

and S2C; data not shown). These data suggest a more
). Representative magnetic resonance imaging (MRI) scans to analyze tumor

Ki resistance. Western analysis with the indicated antibodies of PDAC tissue

representative samples are shown for each biopsy stage.
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Figure 2. SETD5 Depletion Re-sensitizes Resistant PDAC to Trametinib in PDX and Mouse Models In Vivo

(A) Schematic of generation of PDAC allografts in syngeneic mice established fromMEKi-resistant tumor biopsies (as in Figure 1F) ± SETD5. Trametinib treatment

schedule (MEKi, 0.3 mg/kg by intraperitoneal injection once daily) is shown.

(B) Western blots with the indicated antibodies of a representative sample for each condition described in (A) are shown. Actin is shown as a loading control.

(C) SETD5 depletion re-sensitizes PDAC allografts to MEKi. Quantification of mouse allograft tumor volume growth in syngeneic mice (n = 8 mice, for each

treatment group). *p < 0.033, **p < 0.002, ***p < 0.0001 by two-way ANOVA with Tukey’s testing for multiple comparisons. Data are represented as mean ± SEM.

(D) Schematic to generate MEKi-resistant primary human PDAC for PDX studies. Patient tumor samples were grafted subcutaneously to immunocompromised

NSGmice. Once tumor volume reached 200mm3, mice were treated with trametinib 0.3 mg/kg by intraperitoneal injection once daily until tumor growth relapsed

(legend continued on next page)
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specialized role for SETD5 in tumor response to therapy rather

than broadly regulating tumor development.

To directly explore a role for SETD5 in vivo in tumor responses

to RAS-pathway modulation, we obtained serial biopsies of

PDAC tissue from Kras;p53 mice: one sample before trametinib

treatment, and two additional samples taken early and late dur-

ing the course of the treatment protocol (Figure 1F). Tumor size

was monitored by magnetic resonance imaging (MRI) (Liu

et al., 2019) to optimize consistent biopsy acquisition of (1) naive

(untreated), (2) trametinib-responsive, or (3) trametinib-resistant

cancer tissues (Figure 1F). Serial biopsies were obtained by lap-

arotomy (Sastra and Olive, 2014) to mitigate potential tumor tis-

sue heterogeneity. Inhibition of ERK1/2 phosphorylation was

observed at time points 2 and 3, indicating that trametinib re-

mained effective despite progression of resistant tumors (Fig-

ure 1G); consistent with PDAC resistance mechanisms not

acting via MAPK signaling reactivation (Kapoor et al., 2014;

Shao et al., 2014). Notably, SETD5 expression is higher in the

trametinib-refractory tumor samples compared with the trameti-

nib-responsive and naive PDAC samples (Figure 1G). A similar

increase in SETD5 expression is observed in PDAC biopsies

upon prolonged exposure to selumetinib, an independent

MEKi (Banerji et al., 2010) (Figures S2D and S2E). Moreover,

the expression of SETD5 mRNA and protein increases in cells

derived from naive murine PDAC tumors (hereto referred to as

KPCN cells) cultured to develop resistance to different MEK in-

hibitors relative to control-treated cells (Figures S2F and S2G).

Thus, increased SETD5 expression correlates with the develop-

ment of resistance to a variety of MEK inhibitors both in cells and

in vivo in a widely used PDAC mouse model.

SETD5 Depletion Re-sensitizes Resistant PDAC to
Trametinib in PDX and Mouse Models In Vivo

Cell lines were established from trametinib-resistant PDAC tu-

mors (hereto referred to as KPCR cells) to test in vivo responsive-

ness of trametinib-resistant allografts to MEKi ± SETD5 (Figures

2A and 2B). The control allograft tumors are resistant to trameti-

nib and expand rapidly in the presence of drug, whereas SETD5-

depletion restores sensitivity to trametinib as allograft tumor
(~5 weeks), indicating drug resistance. Resistant cells were modified to express

xenograft growth with treatment as shown.

(E) Western blots with the indicated antibodies of PDX samples in different stages

shown as a loading control.

(F) SETD5 depletion restores refractory PDAC PDX tumor sensitivity to MEKi. Tu

described in (D) in immunocompromised mice (n = 8 mice, for each treatment g

testing for multiple comparisons. Data are represented as mean ± SEM.

(G) Schematic of dual-recombinase (Flp/Frt, Cre/LoxP) system to acutely delete

p53Frt/Frt alleles in mouse pancreata (Pdx1Flp) results in development of malignant

for recombination of the conditional Setd5LoxP/LoxP allele with loss of SETD5 exp

express wild-type SETD5WT. Subsequently mice were treated with placebo (veh

(H) Treatment schedule for administration of tamoxifen, MEKi or placebo (vehicle

(I) Deletion of SETD5 in established PDAC cooperates withMEKi to suppress tumo

procedure in the STAR Methods) in mice described in (G and H) (n = 9 mice for ea

maximum; center line, median; *p < 0.033, **p < 0.002, ***p < 0.0001 by two-way

(J and K) (J) Quantification of proliferation (Ki67+ cells), and (K) cleaved caspase-3

75th percentile; whiskers, minimum tomaximum; center line, median; arrowheads

way ANOVA with Tukey’s testing for multiple comparisons. Data are represented

(L) Western blots with the indicated antibodies of the indicated pancreatic tissu

genotype. Actin is shown as a loading control.

See also Figure S2.

838 Cancer Cell 37, 834–849, June 8, 2020
growth is impaired (Figure 2C). A patient-derived xenograft

(PDX)-based model was next developed to explore the develop-

ment of MEKi resistance in human PDAC (schematic, Figure 2D).

Growing PDAC PDX tumors of approximately 200 mm3 were

exposed to trametinib until tumor expansion recommenced

(�5 weeks), indicating drug resistance. Cells isolated from the

trametinib-resistant PDX tumor ± SETD5 (Figure 2E) were then

re-tested in xenograft tumor studies in the presence of trameti-

nib. As expected, xenografts from relapsed trametinib-resistant

tumors grow robustly despite trametinib; however, MEKi treat-

ment impaired growth of SET5-knockdown tumors (Figure 2F).

To address if maintenance of trametinib resistance in PDAC

tumors in vivo actively requires SETD5 expression, a dual-re-

combinase approachwas used to deleteSetd5 in established tu-

mors (Schonhuber et al., 2014). PDAC tumors were formed using

Pdx1Flp;KrasFSF-G12D;p53Frt/Frt;R26FSF-CreER;Setd5LoxP/LoxP

mice, in which Pdx1-driven expression of Flp-recombinase

causes pancreas-specific expression of oncogenic KRAS, dele-

tion of p53, and expression of tamoxifen-inducible Cre (CreER)

(schematic, Figure 2G). Setd5 was deleted in tumors that

reached �150 mm3 by treating mice with tamoxifen to activate

CreER, which is expressed exclusively in the Flp-recombined

epithelial pancreatic cells (Rosa26FSF-CreER) (Figures 2H and

S2H). Tumors were then treated with trametinib or vehicle (con-

trol) and tumor volume change evaluated byMRI (Figure 2H). The

single intervention of trametinib treatment or SETD5 deletion in

established PDAC each modestly slowed but did not eliminate

tumor growth (Figures 2I–2K and S2I). Notably, combining

administration of tamoxifen (to knockout Setd5) with trametinib

halted tumor growth and caused some tumors to regress in

size (Figures 2I–K and S2I). Analyses of tumor biopsy lysates

showed that SETD5 protein was not expressed in tamoxifen-

treated mice and that trametinib inhibited ERK1/2 phosphoryla-

tion (Figure 2L).

SETD5 Lacks Intrinsic Histone Lysine
Methyltransferase Activity
While SET domain proteins are frequently active KMTs, the SET

domain of SETD5 lacks key conserved residues that bind to the
Cas9/sgRNA targeting SETD5 (sgSETD5) or control (sgControl) and tested for

described in (D). A representative sample for each condition is shown. Actin is

mor volume quantification of MEKi-resistant patient-derived PDAC xenografts

roup). *p < 0.033, **p < 0.002, ***p < 0.0001 by two-way ANOVA with Tukey’s

SETD5 in vivo in aggressive PDAC. Activation of KrasFSF-G12D and deletion of

PDAC. Time-specific tamoxifen-mediated Rosa26FSF-CreERT2 activation allows

ression (SETD5KO) in established PDAC. Control animals that received vehicle

icle) or trametinib (MEKi, 0.3 mg/kg, intraperitoneal injection once daily).

) in the system described in (G).

r growth. Quantification of PDAC volume change based onMRI scans (detailed

ch experimental group). Boxes, 25th to 75th percentiles; whiskers, minimum to

ANOVA with Tukey’s testing for multiple comparisons. Scale bars, 100 mm.

(cl.Caspase3+ cells) a marker of apoptosis in samples as in (I). Boxes, 25th to

, positive cleaved caspase-3 cells; *p < 0.033, **p < 0.002, ***p < 0.0001 by two-

as mean ± SEM. Scale bars, 100 mm.

e lysates. Two independent and representative samples are shown for each
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Figure 3. SETD5 Has No Intrinsic Histone Lysine Methyltransferase Activity but Is Present in a Complex that Methylates H3K9
(A) SETD5 does not methylate histones or nucleosomes. In vitromethylation assays with recombinant SETD5SET (GST-SETD5 residues 1–520) or positive control

G9aSET (GST-G9a SET domain) on recombinant histone H3 (rH3), purified calf thymus histones (CTH), or recombinant nucleosomes (rNuc) substrates as

(legend continued on next page)
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methyl donor S-adenosyl methionine and are present on all

known active SET enzymes (Figure S3A) (Mas et al., 2016). Sur-

prisingly, SETD5 was recently reported to be a robust H3K36 tri-

methylase (Sessa et al., 2019). However, the recombinant SET

domain of SETD5 did not methylate recombinant histone H3, re-

combinant nucleosome, or purified histones (Figure 3A). In

contrast, the positive control catalytic domain of the H3K9

KMT G9a methylated all three histone substrates (Figure 3A).

We did not detect methylation on any histone residue, including

H3K36, using the same SETD5 derivative (murine SETD5 amino

acids 1–423) and reaction conditions reported in (Sessa et al.,

2019) (Figures 3B and S3B). In contrast, H3K36 was methylated

by SETD2, the principle human enzyme that generates physio-

logic H3K36me3 (Husmann and Gozani, 2019) (Figures 3B and

S3B). Finally, in contrast to several positive controls (Figures

S3C–S3F), full-length recombinant SETD5 did not methylate his-

tones (Figure 3C).

Some KMTs are active only in the context of amacromolecular

complex (i.e., MLL1-4) (Husmann and Gozani, 2019); indeed, like

the positive control MLL4 complex, tandem-tag affinity purified

SETD5 (hereto referred to as SETD5com) from 293T cells methyl-

ated nucleosomes on H3 (Figure 3D). Tandem mass spectrom-

etry analysis of the SETD5com-catalyzed reaction identified

primarily H3K9 dimethylation (Figures 3E and S3G). Methylation

was not detected on any other lysine residue of H3, including

H3K36 (Figures 3F and S3H). Notably, the SET domain of

SETD5 is dispensable for catalyzing H3K9 methylation, as a

complex purified with a C-terminal SETD5 derivative lacking

the SET domain (SETD5DSET) methylates H3K9, and a complex

purified with an N-terminal SETD5 derivative containing the

SET domain but missing the C terminus (SETD5DC) lacks methyl-

ation activity (Figure 3G). We note that SETD5 did not methylate

any of over 9,000 proteins present on a protein array (Mazur

et al., 2014) and it had no activity on fractionated pancreatic can-
indicated. Top panel, [3H]S-adenosyl methionine is the methyl donor and meth

Coomassie stain of proteins in the reaction.

(B) SETD5 does not methylate poly-nucleosomes, whereas SETD2 does. In vitro

SETD5 residues 1–415), mSETD5 (aa: 1–423) (murine SETD5 residues 1–423 as in

rNucpoly (H3.3-containing recombinant poly-nucleosomes as in Sessa et al., 201

stain of proteins in the reaction. Asterisk indicates cleaved H3 breakdown produ

(C) Full-length SETD5 does not methylate nucleosomes. In vitro methylation ass

diogram of methylation assay. Bottom panel, Coomassie stain of proteins in the

(D) Methylation of H3 by the SETD5 complex. In vitro methylation assay as in (A

(SETD5com) from 293T cells. MLL4 complex (MLL4com) used as a positive control. T

of proteins in the reaction as indicated.

(E) SETD5com primarily di-methylates H3K9. Selected ion chromatograms for non

methylation reactions on recombinant nucleosomes. High-pressure liquid chro

peptide masses, peptide sequence KSTGGKAPR, K9 is underlined; m/z are 535

(H3K9me3). Arrows indicate elution peaks of non-, mono-, di-, and tri-methylated

Figure S3G.

(F) SETD5com methylates H3K9 but not any other H3 lysine residue. Summary of H

also Figure S3H.

(G) The SETD5 SET domain is dispensable for SETD5com H3K9 methylation activ

Top panel, schematic of SETD5 constructs with the position of the SET domains s

C-terminal truncation. Left panel, Coomassie stain of proteins in the reaction, Rig

antibodies. SETD5 constructs were detected with anti-Flag.

(H) SETD5 co-purifies with the NCoR1-HDAC3 complex and G9a. Silver stain of

proteins as indicated on the right was determined by mass spectrometry. See al

(I) SETD5 interacts with the NCoR1-HDAC3 complex, G9a, and GLP in 293T cel

SETD5 and using the indicated antibodies for the IPs (anti-Flag for SETD5) and w

(J) CoIP experiments as in (I) with Flag-tagged wild-type SETD5 or the indicated

840 Cancer Cell 37, 834–849, June 8, 2020
cer cell lysates, suggesting that SETD5 does not methylate a

non-histone protein (Figures S3I and S3J; data not shown).

Thus, SETD5 does not methylate H3K36 and indeed lacks

intrinsic histone methylation activity (see Discussion). These

data also suggest that an H3K9-specific KMT associates

with SETD5.

SETD5 Forms a Distinct Co-repressor Complex with
NCoR1/HDAC3 and G9a/GLP
Analysis of SETD5com by mass spectrometry identified compo-

nents of the NCoR1-HDAC3 complex, which is known to interact

with SETD5 (Osipovich et al., 2016), and the H3K9 KMTs G9a

and GLP (Tachibana et al., 2001) but no other KMTs (Figure 3H;

Table S2; data not shown). The interactions between SETD5 and

the NCoR1-HDAC3 complex and with G9a/GLP were also

observed in immunoprecipitation (IP)-western analyses (Fig-

ure 3I). In reverse IPs, HDAC3 andG9a each separately immuno-

precipitated SETD5; however, G9a and GLP were not in the

HDAC3 IP, and components of the NCoR1-HDAC3 complex

were not detected in the G9a IP (Figure 3I). These data suggest

that SETD5 abundance is low compared with that of the NCoR1-

HDAC3 complex and G9a/GLP as all three components are all

only present in the SETD5 IP. Furthermore, the observed interac-

tions of SETD5 with two repressive histone-modifying activities

(histone deacetylation and H3K9 methylation) suggests that

SETD5 scaffolds a distinct co-repressor complex. Finally,

SETD5 and SETD5DSET, but not SETD5DC, interact with HDAC3

and G9a/GLP (Figure 3J). Thus, the C terminus region of

SETD5 is necessary for H3K9 methylation and mediates the

interaction with HDAC3, G9a/GLP.

We postulated that G9a and GLP, two KMTs that generate

H3K9me1/2 and interact with SETD5, are responsible for the

methylation activity associated with SETD5com. To test this

idea, SETD5com was purified from control 293T cells or 293T
ylation visualized by autoradiography and indicated as H3me. Bottom panel,

methylation assays as in (A) with hSETD5 (amino acids [aa]: 1–415) (human

Sessa et al., 2019), and positive control SETD2SET (GST-SETD2 SET domain) on

9). Top panel, autoradiogram of methylation assay. Bottom panel, Coomassie

ct.

ays as in (A) with full-length SETD5 on rNuc as indicated. Top panel, autora-

reaction.

) on recombinant nucleosomes with tandem-affinity-purified SETD5 complex

op panel, autoradiogram ofmethylation assay. Bottom panel, Coomassie stain

-, mono-, di-, and tri-methyl H3K9 peptides from trypsin digestion of SETD5com
matogrphy elution profiles show a 10-ppm mass window around expected

.3037 (H3K9me0), 542.3115 (H3K9me1), 521.3062 (H3K9me2), and 528.3140

H3K9 peptides in the profiles and percent methyl state is indicated. See also

3 lysine methylation states detected in (E) by tandemmass spectrometry. See

ity. Methylation assays as in (D) with the indicated V5-SETD5-Flag derivatives.

hown: SETD5, full-length SETD5; SETD5DSET, N-terminal truncation; SETD5DC,

ht panel, western analysis with H3K9 methylation detected using the indicated

SETD5com after first and second purification steps. The identity of associated

so Table S3.

ls. Co-immunoprecipitation (coIP) experiments in 293T cells expressing Flag-

estern analyses. Input, nuclear extract.

derivatives as in (G). Input, 293T nuclear extract.



A B C Figure 4. G9a/GLP Mediate SETD5com
Methylation Activity

(A) Generation of G9a/GLP-depleted 293T cells.

Western analysis with the indicated antibodies of

control (293T) or G9a/GLP co-depleted 293T cell

lysates (293TDKD). Tubulin is shown as a loading

control.

(B) Methylation of H3K9 by SETD5com requires

G9a and GLP. Western analysis with the indicated

antibodies of in vitro methylation assay as in Fig-

ure 3D using SETD5com purified from 293T or

293TDKD cells.

(C) Methylation of H3K9 by SETDcom is inhibited by

the G9a/GLP inhibitor (UNC0638, G9ai). Western

analysis with the indicated antibodies of in vitro

methylation assay on recombinant nucleosomes

with G9a and SETD5com ± UNC0638 (2 mM).
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cells in which G9a and GLP were co-depleted (293TDKD; Fig-

ure 4A). As expected, SETD5com purified from control cells meth-

ylated H3K9; however, SETD5com purified from 293TDKD cells

does not methylate H3K9 (Figure 4B). Furthermore, in vitro

methylation assays in the presence of the selective G9a/GLP

inhibitory compound UNC0638 (Vedadi et al., 2011) abrogated

the activity of the positive control full-length G9a and of SETD5-

com (Figure 4C). Together, these data suggest that H3K9 methyl-

ation by SETD5com is mediated by the KMTs G9a/GLP.

The association of SETD5 with the NCoR1-HDAC3 co-

repressor complex suggests a model in which SETD5 coordi-

nates placement of repressive methylation at H3K9me by G9a/

GLP with removal of activating histone acetylation marks by

HDAC3. To test this hypothesis, deacetylase assays using

SETD5com from control or HDAC3-depleted cells (Figure 5A)

was performed on HeLa-purified nucleosomes, which contain

a large array of existing histone modifications. As shown in Fig-

ure 5B, H3K9 acetylation (H3K9ac) was removed by SETD5com in

an HDAC3-dependent manner. Moreover, the selective HDAC3

inhibitor RGFP966 (Xu et al., 2009) blocks H3K9ac deacetylation

by SETD5com, whereas the HDAC8 inhibitor PCI-34051 does not

(Balasubramanian et al., 2008) (Figure 5C). In contrast to

H3K9ac, SETD5com does not deacetylate the reported HDAC3

substrates H4K5ac and H4K8ac (Figures 5B and 5C) (Vermeulen

et al., 2004). To the best of our knowledge, the selectivity of

HDAC3 on histones has not been comprehensively character-

ized. Therefore, we assembled an active recombinant HDAC3

complex (rHDAC3 and the DAD domain of NCoR1 [Guenther

et al., 2001] [Figure 5D]) and performed in vitro deacetylation as-

says on HeLa-purified nucleosomes. The HDAC3 complex

deacetylated a broad range of lysine-acetylated substrates on

nucleosomes, including the published substrates H4K5ac and

H4K8ac (Figure 5E). The difference in deacetylation activity on

HeLa nucleosomes between SETD5com and rHDAC suggest

that SETD5com imposes substrate selectivity upon HDAC3. To

test this, a side-by-side comparison of SETD5com and rHDAC3

complex deacetylation activity was performed on a library of re-

combinant nucleosomes designed to harbor a single acetylation

modification on 1 of 11 different lysine residues known to be

modified on H3 and H4. In this system, the rHDAC3 complex de-

acetylated all of the lysine-acetylated nucleosomes besides
H3K36ac, whereas SETD5com only deacetylated H3K9ac and

H3K27ac (Figures 5F–5H and S4A–S4I). Thus, the in vitro cata-

lytic activity of HDAC3, in the context of the SETD5 complex,

is restricted to acetylated H3K9 and H3K27, two residues that

when methylated are markers of silenced chromatin (Husmann

and Gozani, 2019).

The SETD5 Complex Regulates H3K9 Modification and
MEKi Resistance in PDAC Cells
SETD5 expression increases in cells and tumors upon the devel-

opment of resistance to MEKi (see Figures 1G and S2D–S2H).

The levels of SETD5 protein are also higher in KPCR cells (derived

from trametinib-resistant murine PDAC tumors) compared with

KPCN cells (derived from naivemurine PDAC tumors) (Figure 6A).

In contrast, the levels of SETD5-associated proteins, such as

HDAC3 and G9a are equivalent in KPCN and KPCR lysates (Fig-

ure 6A). Like in 293T cells (see Figure 3), SETD5 interacts with the

NCoR1-HDAC3 complex and G9a in KPCR cells (Figure 6B; we

were unable to identify an antibody that reliably detected murine

GLP). In addition, analysis of KPCR cell lysates by size-exclusion

chromatography identified co-enrichment of SETD5, the

NCoR1-HDAC3 complex, and G9a within the same high-molec-

ular-weight fractions (Figure S5A). These data suggest that the

rate-limiting component in the assembly of SETD5com is

SETD5, whose expression increases in MEKi-resistant cells

and tumors.

While SETD5 knockdown has no impact on proliferation of

KPCN cells in culture (Figure 6C), depletion of SETD5 in KPCR

cells inhibits proliferation (Figure 6D). In these cells, bulk levels

of H3K9me2, H3K9ac, and H3K27ac are not affected by

SETD5 knockdown (Figure 6E), suggesting that potential

SETD5-dependent regulation of chromatin modifications is

localized rather than general. Notably, no change in

H3K36me3 levels was observed upon SETD5 depletion in

KPCR cells (Figure 6E) or in several other cell types, including

the ones used in (Sessa et al., 2019) (Figures S5B–S5E); whereas

knockdown of SETD2, the only validatedmammalian H3K36me3

KMT, does deplete H3K36me3 (Figures S5C–S5E; see Discus-

sion). Finally, the RAS-pathway factor SHOC2 is a major regu-

lator of PDAC cell sensitivity to MEKi (Sulahian et al., 2019) and

depletion of SHOC2 sensitized KPCN cells to even low dose
Cancer Cell 37, 834–849, June 8, 2020 841
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G H

B CA Figure 5. HDAC3-Selective Deacetylation

of H3K9Ac by SETD5com
(A) Generation of HDAC3-depleted 293T cells.

Western analysis with the indicated antibodies of

control (293T) or HDAC3-depleted 293T cell ly-

sates (HDAC3KD). Tubulin is shown as a loading

control.

(B) SETD5com possess HDAC3-dependent lysine

deacetylation activity. Western analysis with the

indicated antibodies of in vitro histone deacetyla-

tion assay on HeLa-purified nucleosomes using

SETD5com purified from 293T or HDAC3KD cells.

(C) HDAC3-dependent SETD5com lysine deacety-

lation activity is inhibited by a selective HDAC3

inhibitor. In vitro deacetylation assays as in (B) ±

the selective HDAC3 inhibitor (RGF9966, 1 mM)

or ± the selective HDAC8 inhibitor (PCI-34051,

1.5 mM). SETD5DC does not interact with HDAC3

(see Figure 3J) and serves as a negative control.

(D) Coomassie stain of active recombinant HDAC3

complex (contains HDAC3 and the DAD domain of

NCoR1, labeled as rHDAC3) purified from E. coli.

(E) HDAC3 has broad deacetylation activity on

histones. In vitro histone deacetylation assay on

HeLa-purified nucleosomes with rHDAC3 com-

plex analyzed by western blots with the indicated

antibodies.

(F–H) HDAC3 selectively deacetylates H3K9Ac

and H3K27Ac in the context of SETD5com. (F)

Summary of deacetylation assays using SETDcom

or rHDAC3 on a library of recombinant nucleo-

somes designed to harbor a single lysine acety-

lation as indicated. (G and H) Western analysis

with the indicated antibodies of deacetylation as-

says on H3K9Ac rNuc (G) and H3K18Ac rNuc (H).

Figure S4 shows the other nine modified nucleo-

somes summarized in (F).
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MEKi, but unlike SETD5, SHOC2 loss had no effect on KPCR

viability (Figures S5F–S5H).

Comparison of the transcriptomes of KPCR cells grown in the

presence of trametinib ± SETD5 show that SETD5 loss is asso-

ciated with gene repression, with SETD5 knockdown increasing

expression of 329 genes and decreasing expression of 93 genes

(Figure 6F). These data are consistent with SETD5 being associ-

ated with a co-repressor complex and two canonical repressive

histone-modifying activities. KEGG pathway analysis of the de-

repressed genes identified key functional pathways (e.g., cyto-
842 Cancer Cell 37, 834–849, June 8, 2020
he

ch

of

).

A

its

ay

nt

of

ng
chrome P450 pathway and glutathione

[GSH] metabolism) that confer drug resis-

tance in cancer (Figure 6G; see below)

(Bansal and Simon, 2018; Noll et al.,

2016). For example, several genes in mul-

tiple top functional pathways are en-

zymes that metabolize GSH (Figures 6G

and S6A). While GSH initially plays a

role in preventing cancer development,

elevation of GSH levels is a mechanism

used by many malignancies to promote

chemotherapy resistance (Bansal and

Simon, 2018). In this context, depletion

of SETD5 in KPCR cells decreases total
cellular GSH levels (Figure 6H). Notably, treatment of t

KPCR-SETD5 knockdown cells with N-acetylcysteine, whi

counteracts GSH depletion, partially rescues the inhibition

proliferation caused by SETD5 loss (Figures S6B and S6C

Also present in the de-repressed gene group is Pdk4 (Figure S6

and Table S3); pyruvate dehydrogenase kinase 4 (PDK4) inhib

entry into the TCA cycle to oppose resistance to RAS-pathw

signaling ablation in PDAC and targeted therapy in EGFRmuta

lung cancer (Sun et al., 2014; Viale et al., 2014). The regulation

many key SETD5 target genes (e.g., GSTT1 [GSH-metabolizi
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enzyme], PDK4, and others) was observed in independent

SETD5 knockdown cell lines (Figure S6A). Moreover, comple-

mentation of KPCR-SETD5 knockdown cells with sgRNA-resis-

tant SETD5 restores repression of several genes (Figures 6I

and 6J). These data suggest that SETD5 directly regulates an

MEKi-resistance gene expression program in PDAC cells.

Next, chromatin immunoprecipitation assays were performed

to test whether the SETD5-regulated genes are direct targets of

SETD5com. SETD5 occupancy at the promoter of the target

genes (GSTA1, PKD4, and GM3776) is eliminated in SETD5

knockdown cells, whereas SETD5 signaling within the coding

sequence of these genes showed low signal irrespective of

SETD5 expression (Figures 6K and S6B). Consistent with these

results, at target gene promoters, H3K9ac levels increase and

H3K9me2 levels decrease upon SETD5 knockdown, and this

SETD5-dependent acetyl-methyl switch at H3K9 is not observed

within the coding region (Figures 6K and S6B). Finally, adding

back SETD5 reconstituted the repressive chromatin environ-

ment at target gene promoters (Figures 6K and S6B). Together,

these data suggest a model in which SETD5—via coordinated

deacetylation andmethylation of H3K9 at chromatin targets—or-

chestrates a transcriptional repression program to promote

PDAC resistance to MEKi.

Small-Molecule Inhibitors of G9a and HDAC3 Re-
sensitize Resistant PDAC to Trametinib Therapy
Our model predicts that blocking SETD5’s associated histone-

modifying activities could functionally mirror SETD5 knockdown

and render refractory PDAC re-sensitized to MEKi. To test this

idea, KPCR cells were treated with different combinations of tra-

metinib with the selective inhibitors of G9a/GLP (UNC0638) and
Figure 6. SETD5 Coordinates a Targeted Therapy Resistance Program
(A) Increased levels of SETD5 but not associated proteins in MEKi-resistant PDAC

(derived from naive murine PDAC) and KPCR cells (derived from trametinib-resis

(B) SET5com interactions occur in KPCR cells. IPs of endogenous SETD5 complex (

the indicated antibodies. Input, nuclear extract.

(C and D) SETD5 depletion inhibits proliferation of KPCR cells but has no impact

panel) in KPCN (C) and KPCR (D) cell lines depleted for SETD5 with four independe

presence of 0.2 mM trametinib. Error bars represent mean ± SD from three ind

Student’s t test.

(E) SETD5 depletion does not cause bulk chromatin modification changes. West

(F) SETD5 is a transcriptional repressor. Volcano plot of RNA-seq comparison bet

replicates for each condition). SETD5 depletion caused increasing expression of 3

decreasing expression of 93 genes shown in green (fold change log2 R 0.5 and p

description in the STAR Methods).

(G) KEGG analysis of SETD5-repressed genes. The most significantly enriched K

KPCR cancer cells are shown.

(H) Decreased total cellular glutathione (GSH) levels in SETD5 knockdown cells. A

analysis of WCE with indicated antibodies. Right panel, total GSH levels (see th

experiments, **p < 0.01 by two-tailed unpaired Student’s t test.

(I) Reconstitution of SETD5 knockdown cells with CRISPR-resistant SETD5. W

resistant SETD5.

(J) Reconstitution of SETD5-mediated target gene repression. Real-time qPCR

normalized to Actb and are presented as fold change relative to the control. Erro

***p < 0.001 by two-tailed unpaired Student’s t test.

(K) SETD5 directly regulates promoter chromatin of target genes. Top panel, sch

(left panel) and PDK4 (right panel) gene loci. Real-time qPCR of chromatin immu

cupancy at the promoter (p1) and gene body (p2) of the Gsta1 and Pdk4 loci in

SETD5) KPCR cells. The data are plotted as percent enrichment relative to inp

**p < 0.01, ***p < 0.001; n.s., not significant, by two-tailed unpaired Student’s t t

See also Figure S6B.
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HDAC3 (RGFP966) (Vedadi et al., 2011; Xu et al., 2009). The

combination of all three drugs (hereto referred to as TripleTx)

significantly inhibited KPCR cell proliferation, whereas trameti-

nib/UNC0638 or trametinib/RGFP966 had only a modest impact

comparedwith trametinib alone (Figures 7A and S7A). Transcrip-

tome profiling comparing KPCR cells treated with TripleTx versus

trametinib alone showed that TripleTx increased expression of

452 genes and decreased expression of 320 genes (Figure S6C).

Functional analysis of the upregulated genes included pathways

similar to those seen with SETD5 depletion, including cyto-

chrome P450 and glutathionemetabolism pathways and individ-

ual genes, such as Pdk4 (Figures S6D and S6E). Indeed, there

was highly significant overlap in the upregulated gene sets eli-

cited by TripleTx and sgSETD5/MEKi conditions (Figure 7B; over-

lap of negatively regulated genes was limited and less

significant, Figure S6F). KEGG analysis of the shared upregu-

lated gene set showed enrichment in the same functional path-

ways as observed with the individual upregulated gene sets

(Figure 7C, compare with Figures 6G and S6D). Gene set enrich-

ment analysis of the de-repressed genes under both conditions

(sgSETD5/MEKi and TripleTx) showed strong overlap with

several categories implicated in drug resistance (e.g.,

OXPHOS-related processes and glutathione metabolism), can-

cer cell phenotypes (e.g., apoptosis), and chromatin-silencing

in pancreatic cancer (Figures 7D and S6G). These data suggest

that the chromatin landscape at SETD5-target genes is regu-

lated in a similar fashion by G9a/HDAC3 inhibition as with

SETD5 depletion. Indeed, while TripleTx had no impact on

SETD5 chromatin occupancy at the promoters of GSTA1 and

PDK4 genes, the treatment increased H3K9ac signal and

decreased H3K9me2 signal (Figure 7E). Thus, the combined
in PDAC Cells
cells. Western analysis with the indicated antibodies of WCEs from KPCN cells

tant murine PDAC).

or IgG control) from nuclear extracts of KPCR followed bywestern analysis with

on KPCN cells. Western analysis (top panel) and proliferation assays (bottom

nt sgRNAs (sgSETD51-4) or control (sgControl). KPCR cells are cultured in the

ependent experiments. ***p < 0.001; n.s., not significant, two-tailed unpaired

ern analysis of cells in (D) with the indicated antibodies.

ween KPCR cells grown in the presence of trametinib ± SETD5 (three biological

29 genes shown in red (fold change log2%�0.5 and p < 0.05 byWald test) and

< 0.05 by Wald test). False discovery rate (FDR) values are provided (detailed

EGG terms associated with the 329 genes upregulated by SETD5 ablation in

nalysis of total cellular GSH levels in KPCR cells ± SETD5. Left panel, western

e STAR Methods). Error bars represent mean ± SD from three independent

estern analysis of KPCR WCEs ± SETD5 and complemented with CRISPR-

analysis of the indicated mRNAs from cells in (I). Real-time qPCR data were

r bars represent mean ± SD from three independent experiments. **p < 0.01,

ematic of general gene structure and site of primers used to study the GSTA1

noprecipitation (ChIP-qPCR) analysis of SETD5, H3K9ac, and H3K9me2 oc-

control (sgControl), SETD5-deficient (sgSETD5) or reconstituted (sgSETD5 +

ut. Error bars represent mean ± SEM from three independent experiments,

est.
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action of selective G9a and HDAC3 inhibition may functionally

phenocopy SETD5 depletion with respect to mitigating reprog-

ramming of PDAC into a MEKi-resistant state.

The therapeutic efficacy on PDAC in vivo of TripleTx was tested

in the Kras;p53 mouse model (Bardeesy et al., 2006). Treatment

was initiated in tumors of �150 mm3 in size as ascertained by

MRI and then biweekly tumor growth and survival wasmonitored

(Figures 7F and S7B–S7E). Four treatment arms were used: (1)

vehicle control, (2) G9a/HDAC3 inhibition, (3) trametinib, and (4)

TripleTx. At 2 weeks, G9a/HDAC3 inhibition modestly attenuated

tumor growth compared with the vehicle control, whereas tra-

metinib alone and triple therapy halted tumor growth or caused

tumor regression (Figures 7G and 7H). By 6 weeks, all of the

mice in the control and G9a/HDAC3 inhibition treatment arms

were deceased (Figures 7G–7I). Tumors in the trametinib alone

treatment arm showed significant growth by 6 weeks, indicating

drug resistance emergence (Figures 7G–7I). In contrast, tumors

in the TripleTx regimen were smaller than when treatment was

initiated (Figures 7G and 7H). Consistent with this, TripleTx nearly

tripled lifespan relative to the control group, with reduced tumor

burden even at death (Figure 7I). Thus, combining drugs that

inhibit G9a/GLP, HDAC3, and MEK1/2 results in a sustained

potent antitumor response in an aggressive model of PDAC

in mice.

To investigate the efficacy of the triple therapy in human

pancreatic cancer, PDX studies using two independent primary

PDAC patient samples were performed (Figures 7J and S7F).

Once the xenograft tumors reached a volume of 200 mm3, treat-

ment with the same four arms as above commenced and growth

monitored until humane euthanasia was required. G9a/HDAC3

inhibition was not therapeutically effective with either PDX sam-

ple (Figures 7J and S7F). With trametinib treatment, tumors are

initially sensitive but over time became resistant (Figures 7J

and S7F). In contrast, TripleTx significantly slowed tumor pro-

gression for the full duration of the treatment protocol, well after
Figure 7. Pharmacological Blockade of G9a and HDAC3 Sustains Tram

(A) Combination pharmacologic blockade of MEK, G9a, and HDAC3 inhibits proli

with MEKi (0.2 mM), MEKi (0.2 mM) + G9ai (0.6 mM), MEKi (0.2 mM) + HDAC3i (0.6 m

mean ± SD from three independent experiments. ***p < 0.001; n.s., not significa

(B) Significant overlap in the transcriptional changes triggered by SETD5 depletio

repressed gene sets from SETD5 depletion (see Figure 6F) and TripleTx-treated K

(C) KEGG analysis of overlapping gene set in (B). The most significantly enriched

TripleTx treatment in MEKi-resistant KPCR cancer cells are shown.

(D) Gene set enrichment analysis analysis of RNA-seq data of MEKi-treated SETD

control (MEKi-treated) KPCR cells. FDR values are provided (detailed description

(E) ChIP-qPCR analysis as in Figure 6K of SETD5, H3K9ac, and H3K9me2 at th

treated KPCR cells. The data are plotted as percent enrichment relative to input. Er

***p < 0.001; n.s., not significant, by two-tailed unpaired Student’s t test.

(F) Treatment schedule for administration of MEKi, G9ai + HDACi, MEKi + G9ai +

once per day to Kras;p53 mutant mice. Animals undergoing monotherapy also

injections.

(G) Waterfall plot of individual pancreatic tumor volume dynamics after 14 and 42

HDAC3i treatment arms presented with morbidity, necessitating euthanasia.

(H) Representative MRI scan to analyze tumor volume in Kras;p53 mutant mice t

(I) Kaplan-Meier survival curves of Kras;p53mutant mice from enrollment time in c

survival = 26 days), MEKi (n = 8 median survival = 51 days), and TripleTx (n = 8,

significant, by log rank test for significance.

(J) Tumor volume quantification of patient-derived PDAC xenografts in mice (n = 8

vehicle. *p < 0.033, **p < 0.002, ***p < 0.0001 by two-way ANOVA with Tukey’s t

See also Figure S7.
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the other treatment conditions had failed (Figures 7J and S7F).

Taken together, these data suggest that inhibition of G9a and

HDAC3with small-molecule drugs renders PDAC tumors vulner-

able to MEK inhibition, potentially due to blockade of an SETD5-

orchestrated epigenetic resistance program.

DISCUSSION

Here, we identify SETD5 as a chromatin-based master regulator

of adaptive targeted therapy resistance in pancreatic cancer

(Figure S7H). SETD5 belongs to the SET domain family of pro-

teins, a family that contains many bona fide histone lysine meth-

yltransferases (Husmann and Gozani, 2019). However, there are

also many SET proteins with divergent catalytic activities (e.g.,

histidine methylation [Wilkinson et al., 2019]) or several that are

not active enzymes (Husmann and Gozani, 2019). Here, we

investigated SETD5 methylation activity in vitro on histone and

nucleosomal substrates and failed to detect any intrinsic activity

(Figures 3A–3C and S3B–S3F). These findings are consistent

with previous studies in which SETD5 deletion in cells or in

mice did not cause bulk histone lysine methylation changes (De-

liu et al., 2018; Mas et al., 2016; Osipovich et al., 2016). In

contrast, Sessa et al. (2019) recently classified SETD5 as a

robust H3K36 trimethylase in multiple contexts, and concluded

that SETD5, not SETD2, is the main physiologic H3K36me3-

generating enzyme in neuronal stem cells (NSCs) (see Figure 8E

in Sessa et al., 2019). In our study, we failed to reproduce any of

the reported key results on H3K36me3 from (Sessa et al., 2019),

whereas our positive controls (i.e., SETD2) behaved as expected

(Figures 3B and S3B–S3F). For example, SETD5 loss in NSCs did

not alter H3K36 methylation (Figure S5E); in contrast, SETD2

knockdown did (Figure S5E). Thus, the preponderance of evi-

dence does not support a role for SETD5 in the direct regulation

of H3K36 methylation—in cancer or in an intellectual disability/

neuronal development context.
etinib Therapy Inhibition of PDAC Tumor Growth

feration of MEKi-resistant PDAC cells. Proliferation assay in KPCR cells treated

M), or MEKi + G9ai (0.6 mM) + HDAC3i (0.6 mM) (TripleTx). Error bars represent

nt, by two-tailed unpaired Student’s t test.

n and inhibition of G9a and HDAC3. Venn diagram showing the overlap of de-

PCR cells. p value by hypergeometric test.

KEGG terms associated with the genes de-repressed by SETD5 depletion and

5 knockdown (sgSETD5) versus control (sgControl) and TripleTx-treated versus

in the STAR Methods).

e promoter or gene body of Gsta1 and Pdk4 (p1 and p2) in TripleTx- or MEKi-

ror bars representmean ± SEM from three independent experiments, *p < 0.05,

HDACi combination (TripleTx), or vehicle (control) via intraperitoneal injection

received placebo (vehicle) so that all arms of the trial received equal volume

days of treatment. Note that a fraction of animals in the MEKi and in the G9ai +

reated with G9A, HDAC3, and MEK inhibitors. Scale bars, 1 cm.

ontrol (vehicle) (n = 8, median survival = 22 days), G9ai + HDAC3i (n = 9, median

median survival = 73 days) treatment groups. *p < 0.05, ***p < 0.001; n.s., not

mice, for each treatment group). Mice undergoing monotherapy also received

esting for multiple comparisons. Data are represented as mean ± SEM.
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We also found that while HDAC3 normally deacetylates a

broad spectrum of histone acetyl-lysine substrates, when part-

nered with SETD5, HDAC3 is converted from a relatively promis-

cuous enzyme into a selective one (Figure 5F). This suggests a

model in which the SETD5-HDAC3-G9a co-repressor complex

couples selective deacetylation of H3K9ac with methylation of

this residue at target genes, such as Pdk4, the repression of

which promotes tumor drug resistance. The mechanism pro-

posed here of an H3K9 acetyl-methyl switch for gene expression

regulation is established for other silencing activities, such as the

CtBP co-repressor complex (Shi et al., 2003). HDAC3 also has

activity on H3K27ac-nucleosomes, suggesting that the SETD5

complex may also regulate drug resistance programming by tar-

geting chromatin modifications at enhancer regions.

PDAC is virtually always driven by oncogenic mutant KRAS.

Thus, clinically actionable strategies that can restore the thera-

peutic efficacy of downstream KRAS pathway inhibitors have

the potential to have considerable impact upon the treatment

of PDAC (Sun et al., 2017). In our study we used selective inhib-

itors of G9a and HDAC3 to mirror SETD5 depletion in sustaining

the therapeutic benefit of MEKi in different PDAC models. While

less selective HDAC3 inhibitors are in various stages of clinical

trials for a variety of indications, at present, an HDAC3-specific

inhibitor, such as RGFP966 has not been evaluated for safety

in patients. Similarly, tolerance for G9a/GLP inhibitors are yet

to be tested in patients. In our pre-clinical experiments, the com-

bination of RGFP966 and UNC0642 did not have any adverse ef-

fects, with no toxicity in mice, and indeed in the PDX model the

treatment largely alleviated the onset of cachexia, an important

co-morbidity that contributes to PDAC mortality (Figure S7G).

These findings suggest that pharmacologic blockage of

SETD5-associated activities has the potential of being translat-

able into a clinical setting. In summary, our study identifies a

chromatin-based mechanism mediated by SETD5 in the estab-

lishment of PDAC resistance to FDA-approved medicines that

target the MAPK pathway.
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H3K18ac Abclonal Cat# A7257; RRID: AB_2767801

H3K27ac Cell Signaling Technologies Cat# 8173; RRID: AB_10949503

H3K36ac Active motif Cat# 39379; RRID: AB_2614977

H4K5ac Abcam Cat# ab51997; RRID: AB_2264109

H4K8ac Abcam Cat# ab45166; RRID: AB_732937

H4K12ac Abcam Cat# ab46983; RRID: AB_873859

H4K16ac Abclonal Cat# A5280; RRID: AB_2766099

H3K9me2 Thermo Fisher Scientific Cat# 710815; RRID: AB_2608303

(Continued on next page)
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TBL1XR1 Abclonal Cat# A7834; RRID: AB_2772539

TBL1XR1 Bethyl Cat# A300-408A; RRID: AB_420967

G9a Santa Cruz Biotechnology Cat# sc-515726

G9a Bethyl Cat# A300-933A; RRID: AB_2097663

GLP Bethyl Cat# A301-642A; RRID: AB_1210961

HDAC3 Millipore Cat# 17-10238; RRID: AB_11205568

HDAC3 Abcam Cat# ab32369; RRID: AB_732780

NCoR1 Bethyl Cat# A301-145A; RRID: AB_873085

TBL1 Abcam Cat# ab24548; RRID: AB_2199904

TBL1 Santa Cruz Biotechnology Cat# sc-137006; RRID: AB_2199796

GPS2 Abcam Cat# ab153986

GST (Shi et al., 2006) N/A

FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044

Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220; RRID: AB_10063035

Anti-V5 Agarose Affinity Gel Sigma-Aldrich Cat# A7345; RRID: AB_10062721

Bacterial and Virus Strains

DH5 Thermo Fisher Scientific Cat# K4520-1

BL21 Thermo Fisher Scientific Cat# C6070-03

Sf9 Thermo Fisher Scientific Cat# 12659017

Biological Sample

Human PDAC Tissue Array MD Anderson Pathology N/A

Chemicals, Peptides, and Recombinant Proteins

RPMI 1640 Medium Corning Cat# MT10017CV

DMEM Medium Corning Cat# MT10040CV

Fetal bovine serum Thermo Fisher Scientific Cat# 10500056

PBS Corning Cat# MT21031CV

HBSS Thermo Fisher Scientific Cat# 14025076

Cysteine Sigma-Aldrich Cat# 30089

Trypsin-EDTA 0.25% Corning Cat# MT25053CI

Geneticin Thermo Fisher Scientific Cat# 10131027

Blasticidin S Thermo Fisher Scientific Cat# R21001

Puromycin Thermo Fisher Scientific Cat# A1113802

Hygromycin B Corning Cat# 30240CR

G418 Sulfate Corning Cat# MT30234CI

MACS separation columns Miltenyi Biotech Cat# 130-042-401

Complete Protease Inhibitor Cocktail Sigma-Aldrich Cat# 4693159001

Phosphatase Inhibitor Cocktail Thermo Fisher Scientific Cat# 78420

Hydrogen Peroxide Thermo Fisher Scientific Cat# H325-500

Sequencing Grade Modified Trypsin Promega Cat# V5113

Glu-C Promega Cat# V1651

TRIzol Reagent Invitrogen Cat# 15596018

Forane (Isoflurane) AbbVie Cat# B506

Papain Worthington Cat# LS003119

Bovine Serum Albumin (BSA) Thermo Fisher Scientific Cat# BP9703100

L-Reduced glutathione Sigma-Aldrich Cat# G4251-25G

S-adenosyl-methionine New England Biolabs Cat# B9003S

S-Adenosyl-l-[methyl-3H] methionine American Radiolabeled Chemicals Cat# ART0288

AMI-1 Sigma-Aldrich Cat# 539209

TransIT-293 Mirus Bio Cat# MIR-2706
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NP-40 Sigma-Aldrich Cat# I8896

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Cat# P7626

cOmplete, EDTA-free protease inhibitor Sigma-Aldrich Cat# 5056489001

Glucose Sigma-Aldrich Cat# G8270

Poly-L-lysine(PLL) Sigma-Aldrich Cat# P2636

Neurobasal� Medium Thermo Fisher Scientific Cat# 21103049

B-27� Supplement (50X) Thermo Fisher Scientific Cat# 17504044

SUPERase In RNase Inhibitor Thermo Fisher Scientific Cat# AM2694

RNasin Ribonuclease Inhibitors Promega Cat# N2511

UNC0638 Sigma-Aldrich Cat# U4885

UNC0642 Selleckchem Cat# S7230

RGFP966 Selleckchem Cat# S7229

Pimasertib (AS-703026) Selleckchem Cat# S1475

Binimetinib Selleckchem Cat# S7007

Selumetinib Selleckchem Cat# S1008

SCH772984 Selleckchem Cat# S7101

Trametinib (GSK1120212) Selleckchem Cat# S2673

Tamoxifen Sigma-Aldrich Cat# T5648

HeLa Mononucleosomes Epicypher Cat# 16-0002

Recombinant nucleosome Epicypher Cat# 16-0006

Recombinant Polynucleosomes (H3.3) Active motif Cat# 31468

3X FLAG Peptide Sigma-Aldrich Cat# F4799

CTH (Histones from calf thymus) Sigma-Aldrich Cat# 9064-47-5

H3K4ac dNuc Epicypher Cat# 16-0342

H3K9ac dNuc Epicypher Cat# 16-0314

H3K14ac dNuc Epicypher Cat# 16-0343

H3K18ac dNuc Epicypher Cat# 16-0372

H3K23ac dNuc Epicypher Cat# 16-0364

H3K27ac dNuc Epicypher Cat# 16-0365

H3K36ac dNuc Epicypher Cat# 16-0378

H4K5ac dNuc Epicypher Cat# 16-0352

H4K8ac dNuc Epicypher Cat# 16-0353

H4K12ac dNuc Epicypher Cat# 16-0312

H4K16ac dNuc Epicypher Cat# 16-0354

DMSO Sigma-Aldrich Cat# D5879

(2-Hydroxypropyl)-b-cyclodextrin Sigma-Aldrich Cat# C0926

Corn oil Sigma-Aldrich Cat# C8267

PreScission Protease This paper N/A

Metaphosphoric acid Sigma-Aldrich Cat# 239275

16% Formaldehyde (w/v) Sigma-Aldrich Cat# F8775

N-acetyl-L-Cysteine (NAC) Sigma-Aldrich Cat#A7250

PVDF membrane (0.2 mm) BioRad Cat# 1620177

PVDF membrane (0.45 mm) Millipore Cat# IPVH00010

Glutathione Sepharose 4B Sigma-Aldrich Cat# GE17-0756-01

Critical Commercial Assays

RNeasy Mini Kit Qiagen Cat# 74106

ZymoPURE Plasmid Miniprep Kit Zymo Cat# D4211

ZymoPURE II Plasmid Maxiprep Kit Zymo Cat# D4203

DNA PCR Purification Kit Qiagen Cat# 28106

(Continued on next page)
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DAB Substrate Kit Abcam Cat# ab64238

Vectastain ABC kit Vector Laboratories Cat# PK-6100

BCA Protein Assay Kit Pierce Cat# 23227

ECL Substrate Amersham Cat# RPN2106

PCR Mycoplasma Test Kit I/C PromoKine Cat# PK-CA91-1096

InstantBlue Protein Stain Expedeon Cat# ISB1L

SilverQuest Silver Staining Kit Thermo Fisher Scientific Cat# LC6070

Site-directed mutagenesis kit Agilent Cat# 200523

MACS LS column Miltenyi Biotec Cat# 130-042-401

Glutathione Assay Kit Cayman Cat# 703002

Superscript First-strand Synthesis kit Invitrogen Cat# 18091050

SMARTer Stranded RNA-seq kit Takara Cat# 634839

Dynabeads mRNA purification kit Thermo Cat# 61006

PowerUPTMSYBRTMGreen Thermo Fisher Scientific Cat# A25742

CellfectinR II Reagent Invitrogen Cat# 10362

InstantBlue Protein Stain ISB1L Fisher / Expedeon Cat# 07-300-150

RNAimax Transfection Reagent Thermo Fisher Scientific Cat#13778030

ON-TARGETplus Mouse Shoc2 siRNA Dharmacon Cat# LQ-059319-01-0002

ON-TARGETplus Non-targeting Control Dharmacon Cat# D-001810-10-05

Deposited Data

RNA-seq This paper NCBI GEO: GSE142046

Experimental Models: Cell Lines

Human: 293T/17 ATCC Cat# CRL-11268

Human: MiaPaCa2 ATCC Cat# CRL-1420

Human: PSN1 ATCC Cat# CRL-3211

Human: CaPan1 ATCC Cat# CRL-HTB-79

Human: Panc1— ATCC Cat# CRL-1469

Human: YAPC DSMZ Cat# ACC-382

Human: DANG DSMZ Cat# ACC-249

Human: KP4 RIKEN Cat# RCB-1005

Mouse: KPC (Kras;p53;Ptf1aCre) This paper N/A

Experimental Models: Organisms/Strains

Mouse: KrasLSL-G12D (Hingorani et al., 2003) Strain# JAX 008179

Mouse: p53LoxP/LoxP (Jonkers et al., 2001) Strain# JAX 008462

Mouse: Ptf1aCre (Kawaguchi et al., 2002) MGI# 2387812

Mouse: Setd5LoxP/LoxP (Skarnes et al., 2011) Cat# VG17502

Mouse: KrasFSF-G12D (Schonhuber et al., 2014) MGI:5616879

Mouse: p53Frt/Frt (Lee et al., 2012) Strain# JAX 017767

Mouse: Pdx1Flp (Schonhuber et al., 2014) MGI# 5616872

Mouse: ROSA26FSF-CreER (Schonhuber et al., 2014) MGI# 5616874

Mouse: NOD.SCID-IL2Rg-/- (NSG) The Jackson Laboratories Strain# 005557

Oligonucleotides

sgRNA non-targeting (control)

5’-CTTCGAAATGTCCGTTCGGT-3’

This paper N/A

sgRNA SETD5-1 human and mouse

5’-TTTGTGCAGCCCTGAATCTG-3’

This paper N/A

sgRNA SETD5-2 human and mouse

5’-GCAGTGCAACAGAAAGCT-3’

This paper N/A
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sgRNA SETD5-3 human and mouse

5’-CGGAAGCAGGACAACATATC-3’

This paper N/A

sgRNA SETD5-4 human and mouse

5’-ACGCTCTTCTCATTAACTGC-3’

This paper N/A

sgRNA SETD2-1 mouse

5’-AATGAACTGGGATTCCGACG-3’

This paper N/A

sgRNA SETD2-2 mouse

5’-GGAAGAAGAACAAATCCCAC-3’

This paper N/A

sgRNA HDAC3-1 human5’-CAGACC

ACCAGCCCAGTTAA-3’

This paper N/A

sgRNA HDAC3-2 human5’-GTTGAA

GGCATTAAGACTCT-3’

This paper N/A

sgRNA G9a human

5’-GCGCCCCCATCTCAGCGG-3’

This paper N/A

sgRNA GLP human

5’-GCGCAAGGGTCAACCCCC-3’

This paper N/A

RT-qPCR SETD5 forward

5’-GAGAAAGAAACGGCGGGATC-3’

This paper N/A

RT-qPCR SETD5 reverse

5’-TTTCTGCAGCTACATCCCCA-3’

This paper N/A

RT-qPCR GSTA1 forward

5’-AAGAGAAGCCAAGACTGCCT-3’

This paper N/A

RT-qPCR GSTA1 reverse

5’-TTCTTCACATTGGGGAGGCT-3’

This paper N/A

RT-qPCR GSTA2 forward

5’-GAGCTTGATGCCAGCCTTCTGA-3’

This paper N/A

RT-qPCR GSTA2 reverse

5’-TTCTCTGGCTGCCAGGATGTAG-3’

This paper N/A

RT-qPCR GM3776 forward

5’-AGGTGTTGAAGAGCCATGGA-3’

This paper N/A

RT-qPCR GM3776 reverse

5’-GGCTGCTGATTCTGCTCTTG-3’

This paper N/A

RT-qPCR PDK4 forward

5’-TGGCTGGTTTTGGTTATGGC-3’

This paper N/A

RT-qPCR PDK4 reverse

5’-GTTCTTCGGTTCCCTGCTTG-3’

This paper N/A

RT-qPCR WNT7a forward

5’-TTCGGGAAGGAGCTCAAAGT-3’

This paper N/A

RT-qPCR WNT7a reverse

5’-ATTCTGCTTGATCTCCCGGG-3’

This paper N/A

RT-qPCR HTR3 forward

5’-AGTCCGCGGTACAAGTTCAA-3’

This paper N/A

RT-qPCR HTR3 reverse

5’-ACCGGCTTCTGACATGATGA-3’

This paper N/A

RT-qPCR Osgin1 forward

5’-ACAGACTTTGGAGGCAGCAT-3’

This paper N/A

RT-qPCR Osgin1 reverse

5’-TTTCTTCCGCATCCAGTCTT-3’

This paper N/A

RT-qPCR CD93 forward

5’-ATCAGTACAGCCCAACACCA-3’

This paper N/A

RT-qPCR CD93 reverse

5’-ATACCTGCCTATCCCAAGCC-3’

This paper N/A

RT-qPCR Serpinb1a forward

5’-TGTAAGTGGAGCCAGACCTG-3’

This paper N/A
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RT-qPCR Serpinb1a reverse:

5’-GGAAGCGTGAATGGATGTCC-3’

This paper N/A

RT-qPCR GSTT1 forward

5’-CCTGTGTGAGAGTGTGGCTA-3’

This paper N/A

RT-qPCR GSTT1 reverse

5’-GCTCACCAAGGAAAACAGGG-3’

This paper N/A

RT-qPCR GSTT2 forward

5’-GTGCCCAAGTCCACGAATAC-3’

This paper N/A

RT-qPCR GSTT2 reverse

5’-TCCAGAGACATGAGATCCGC-3’

This paper N/A

RT-qPCR CDH6 forward

5’-CTGAGCCGTTCGAAAAGGAG-3’

This paper N/A

RT-qPCR CDH6 reverse

5’-TAATGAAGAGATCGCCCGCT-3’

This paper N/A

RT-qPCR MIA2 forward

5’-CCGAGTCTTAGCCCTGAGAG-3’

This paper N/A

RT-qPCR MIA2 reverse

5’-ATCTCGACTGCATCTCTGGG-3’

This paper N/A

RT-qPCR CDH17 forward

5’-TAAGACCAACCCTCCAGCTG-3’

This paper N/A

RT-qPCR CDH17 reverse

5’-CCATGAGAATCCAAGGCTGC-3’

This paper N/A

RT-qPCR NDN forward

5’-CTAACTTTGCAGCCGAGGTC-3’

This paper N/A

RT-qPCR NDN reverse

5’-GCTGCAGGATTTTAGGGTCA-3’

This paper N/A

ChIP-qPCR GSTA1-p1 forward

5’-ACCCACAGAGAACTTGCAGA-3’

This paper N/A

ChIP-qPCR GSTA1-p1 reverse

5’-CTCTCAAATTCGCCTGCCTC-3’

This paper N/A

ChIP-qPCR GSTA1-p2 forward

5’-AAGAGAAGCCAAGACTGCCT-3’

This paper N/A

ChIP-qPCR GSTA1-p2 reverse

5’-TCCCAGAAACTCAGTGTCCC-3’

This paper N/A

ChIP-qPCR PDK4-p1 forward

5’-CTCCTCCCTCTCACCCTTTG-3’

This paper N/A

ChIP-qPCR PDK4-p1 reverse

5’-GGCTCTGGGACTCTGAACTT-3’

This paper N/A

ChIP-qPCR PDK4-p2 forward

5’-AGTGGTTCGGTGTCTGAGAG-3’

This paper N/A

ChIP-qPCR PDK4-p2 reverse

5’-GATAGAAGCTGCTGACCCCT-3’

This paper N/A

ChIP-qPCR GM3776-p1 forward

5’-GCTGAATCTGGTTTGGTGCA-3’

This paper N/A

ChIP-qPCR GM3776-p1 reverse:

5’-ACGGTCTAGGGGTGAAAAGG-3’

This paper N/A

ChIP-qPCR GM3776-p2 forward

5’-CAGCCGCTCCTTACAATTCC-3’

This paper N/A

ChIP-qPCR GM3776-p2 reverse

5’-CATGGGCACTTGGTCAAACA-3’

This paper N/A

Recombinant DNA

Plasmid: Setd5tm1a EuMMCR Cat# PGS00019_A_B10

Plasmid: pLentiCRISPRv2 Feng Zhang Lab Cat# Addgene #52961

(Continued on next page)
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Plasmid: pLentiCRISPRv2 hygro Brett Stringer Lab Cat# Addgene #98291

Plasmid: psPAX2 Trono Lab Cat# Addgene #12260

Plasmid: pMD2.G Trono Lab Cat# Addgene #12259

Plasmid: pCMV-dR8.2 dvpr Bob Weinberg Lab Cat# Addgene #8455

Plasmid: pCMV-VSV-G Bob Weinberg Lab Cat# Addgene #8454

Plasmid: pUMVC Bob Weinberg Lab Cat# Addgene #8449

Plasmid: pBABE-neo Bob Weinberg Lab Cat# Addgene #1767

Plasmid: pWZL Blast GFP Bob Weinberg Lab Cat# Addgene #12269

Plasmid: pGEX-6P-1 GE Healthcare Cat# 28-9546-48

Plasmid: pcDNA3.1(+) Thermo Fisher Scientific Cat# V7020

Plasmid: pENTR3C Thermo Fisher Scientific Cat# A10465

Plasmid: pLenti6.2 V5 DEST Thermo Fisher Scientific Cat# V36820

Plasmid: pLenti CMV Hygro DEST (w117-1) Campeau and Kaufman lab Cat# Addgene 17454

Plasmid: pQCXIH Clontech Cat# 631516

Plasmid: pet28a Novagen Cat# 69864-3

Plasmid: pFastbac1 Invitrogen Cat# 10359-016

Software and Algorithms

Prism 7 GraphPad https://www.graphpad.com/; RRID:SCR_002798

Excel for Mac 2016 Microsoft https://www.microsoft.com/en-us/;

RRID:SCR_016137

PreciPoint M8 ViewPoint PreciPoint http://www.precipoint.com/microscopy-

software/viewpoint/

ImageJ – Fiji package Freeware http://fiji.sc; RRID:SCR_002285

Origin Pro 8 Microcal https://www.originlab.com/RRID:SCR_002815

Horos GNU Lesser General Public

License, Version 3.0

https://www.horosproject.org/

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2007) http://software.broadinstitute.org/gsea/index.jsp

RRID: SCR_003199

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

Samtools (Xu et al., 2009) http://samtools.sourceforge.net/

HISAT2 (Kim et al., 2015) https://ccb.jhu.edu/software/hisat2/index.shtml

DESeq2 (Love et al., 2014) http://bioconductor.org/packages/release/

bioc/html/DESeq2.html

BEDTools (Quinlan and Hall, 2010) https://github.com/arq5x/bedtools2

DeepTools (Ramirez et al., 2016) https://deeptools.readthedocs.io/en/develop/

Trim_galore Babraham Bioinformatics RRID:SCR_011847

MaxQuant (v. 1.5.8.4) (Cox and Mann, 2008) http://www.coxdocs.org/doku.php?

id=maxquant:start

Other

Superose 6 Increase 10/300GL column Fisher / GE Healthcare Cat# 29091596

ProtoArray� Human Protein Microarray Thermo Fisher Scientific Cat# PAH0525101

Orbitrap Elite Thermo Fisher Scientific N/A

Dionex Ultimate 3000 system Thermo Fisher Scientific N/A

Xcalibur Qual Browser Thermo Fisher Scientific N/A

Biospec USR70/30 Bruker N/A
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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, Pawel K.

Mazur (pkmazur@mdanderson.org).
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Materials Availability
Plasmids and antibodies generated in this study will be available upon request.

Data and Code Availability
The accession number for the RNA-seq datasets reported in this paper is paper is NCBI GEO: GSE142046. This study did not

generate any unpublished code, software, or algorithm.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Ptf1a+/Cre, Pdx1Flp, Kras+/LSL-G12D, Kras+/FSF-G12D, p53LoxP/LoxP, p53Frt/Frt,Rosa26FSF-CreERmice have been described before (Hingor-

ani et al., 2003; Jonkers et al., 2001; Kawaguchi et al., 2002; Lee et al., 2012) (Schonhuber et al., 2014). Conditional Setd5LoxP/LoxP

gene (NCBI Reference Sequence: NM_144877.1) knockout mice were generated in this study using a targeting vector obtained from

KOMP repository (PGS00019_A_B10) (Skarnes et al., 2011). The targeting vector includes the Neo cassette flanked by Frt sites and

exons 3 to 6 sequence were flanked by LoxP sites. The linearized vector was subsequently delivered to ES cells (C57BL/6) via elec-

troporation, followed by drug selection, PCR screening, and Southern blot confirmation. Correctly targeted ES clones were selected

for blastocyst microinjection, followed by founder mice production. Founders were confirmed as germline-transmitted via cross-

breeding with wild-type animals. In conjunction with germ line transmission of the mutant allele the self-excising Neo cassette

was deleted. Mice were in a mixed C57BL/6;129/Sv background, and we systematically used littermates as controls in all the exper-

iments. Immunocompromised NSG mice (NOD.SCID-IL2Rg-/-) were utilized for transplantation studies. All experiments were per-

formed on balanced cohorts of male and female mice as our initial data did not indicate significant differences in disease progression

or response to treatment between females or males. All animals were numbered and experiments were conducted in a blinded

fashion. After data collection, genotypes were revealed and animals assigned to groups for analysis. For treatment experiments

mice were randomized. None of the mice with the appropriate genotype were excluded from this study or used in any other exper-

iments. Mice had not undergone prior treatment or procedures. All micewere fed a standard chow diet ad libitum and housed in path-

ogen-free facility with standard controlled temperature, humidity, and light-dark cycle (12 h) conditions with no more than 5 mice per

cage under the supervision of veterinarians, in an AALAC-accredited animal facility at the University of Texas M.D. Anderson Cancer

Center. All animal procedures were reviewed and approved by the MDACC Institutional Animal Care and Use Committee (IACUC

00001636, PI: Mazur).

Cell Lines and Primary Cell Cultures
293T (female, embryonic kidney) cells were grown in DMEM medium supplemented with 10% fetal calf serum. MiaPaCa2 (male, 65

years old, pancreatic cancer), PSN1 (male, age not reported, pancreatic cancer), Panc1 (male, 56 years old, pancreatic cancer) and

CaPan1 (male, 40 years old, pancreatic cancer), YAPC (male, 43 years old, pancreatic cancer), KP4 (male, 5-0 years old, pancreatic

cancer), DANG (female, 68 years old, pancreatic cancer) cells were cultured in DMEM supplemented with 10% fetal bovine serum,

glutamine, and 100 U/mL penicillin/streptomycin. Neural Stem Cells (NSCs) were derived from telencephalic cortex of embryos at

E14.5. Embryonic cortices were dissociated, fragmented in Hank’s Balanced Salt Solution with 1% Penicillin/Streptomycin and di-

gested with papain (10 U/ml) and cysteine (1 mM) in HBSS with 0.5 mM EDTA. Primary cultures of mouse embryonic hippocampal

neurons were prepared from E17.5 C57BL/6 wildtype mice according to the methods as described in (Sessa et al., 2019). All cells

were cultured at 37�C in a humidified incubator with 5% CO2. Cell lines were authenticated by short tandem repeat profiling and

tested negative for mycoplasma (PromoKine).

Patient-Derived Cancer Xenografts and Mouse Allografts
Surgically resected tumor specimens were obtained from patients with histologically confirmed pancreatic cancer blinded for age

and gender. All surgically resected tumors were collected after written patient consent and in accordance with the institutional review

board-approved protocols of the University of Texas M.D. Anderson Cancer Center (PA19-0435, PI: Mazur). Patient-derived xeno-

graft tumors were generated by transplanting small tumor fragments isolated directly from surgical specimens subcutaneously into

mice as we established previously (Kim et al., 2009). In each case we first propagated the sample in NSG mice. For reconstitution

assays, collected PDX tumors were minced using a razor blade and digested in collagenase digestion buffer at 37�C for 1 hour. Cells

were passed through 100 mmand 40 mmcell strainers and centrifuged for 1200 rpm for 8min. Cells were incubated in RBC lysis buffer

for 2 min and then resuspended in 6 mL of media and spun through 0.5 mL of serum layered on the bottom of the tube to remove

cellular debris. Contaminating human or mouse hematopoietic and endothelial cells (CD45, Ter119, CD31) are depleted using biotin

conjugated anti-mouse CD45, CD31 and Ter119 antibodies and separated on a MACS LS column using anti biotin microbeads.

Next, the cells were collected, mixed with matrigel (1:1) and transplanted to the flanks of NSGmice. When tumors became palpable,

they were calipered every 3 days to monitor growth kinetics. Tumor volume was calculated using the formula: Volume = (width)2 x

length / 2 where length represents the largest tumor diameter and width represents the perpendicular tumor diameter.
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METHOD DETAILS

Pancreatic Cancer Mouse Models
For pancreatic cancer development studies we used Ptf1a+/Cre;Kras+/LSL-G12D; p53LoxP/LoxP (Kras;p53) and Ptf1a+/Cre;Kras+/LSL-G12D;

p53LoxP/LoxP; Setd5loxP/loxP (Kras;p53;Setd5) mice, which develop aggressive disease. Mice were followed for signs of disease pro-

gression. At the end of the experiment, tumors were processed for biochemical, histological and immunohistochemical analysis. His-

topathological analysis was conducted on de-identified slides based on the classification consensus (Bailey et al., 2016).

For the two-stage tumorigenesis studies sequential genetic manipulation of the murine pancreas was accomplished through a

combined Flp/Frt and Cre/LoxP system as previously reported (Schonhuber et al., 2014). Briefly, PdxFlp; KrasFSF-G12D; p53Frt/Frt;

Rosa26FSF-CreER; Setd5LoxP/LoxP mutant mice develop pancreatic cancer with high penetrance. Mice were monitored by Magnetic

resonance imaging (MRI), as described below for tumor development. At the age of 8 weeks mice received Tamoxifen (1 mg in

100 ml corn oil) per intraperitoneal injections on 3 consecutive days when tumor volumes had reached approximately 150 mm3. Con-

trol animals underwent the same procedure but received vehicle only treatment. Successful recombination of Setd5LoxP/LoxP was

confirmed by PCR on DNA isolated from tumor biopsies and loss of SETD5 expression was verified by immunoblotting of whole

cell lysate of tumor biopsies. For therapy studies mice were treated as indicated with Trametinib (0.3 mg/kg daily, IP), Selumetinib

(50 mg/kg daily, IP), SCH772984 (25 mg/kg daily, IP), UNC0642 (G9a/GLP inhibitor, 5 mg/kg daily, IP), RGFP966 (HDAC3 inhibitor,

10 mg/kg daily, IP) or vehicle 10% (2-hydroxypropyl)-b-cyclodextrin. Animals undergoing monotherapy also received placebo

(vehicle).

Magnetic Resonance imaging
Magnetic Resonance Imaging (MRI) experiments were performed on PdxFlp; KrasFSF-G12D; p53Frt/Frt; Rosa26FSF-CreER; Setd5LoxP/LoxP

and Kras;p53 mutant mice at indicated age. Before imaging, mice were anesthetized by continuous gaseous infusion of 2% isoflur-

ane for at least 10min using a veterinary anesthesia system. During imaging, the dose was kept at 2% isoflurane, animal temperature

was maintained and continuously monitored, respiratory and ECG monitoring were performed using an MRI-compatible physiolog-

ical monitoring system and eyes were protected with an eye ointment. MRI was performed using the Biospec USR70/30, a small

animal experimental MR imaging system based on an actively-shielded 7 T magnet with a 30 cm bore and cryo-refrigeration. The

system is equipped with 6 cm inner-diameter gradients that deliver a maximum gradient field of 950 mT m�1. A 3.5 cm inner-diam-

eter linear birdcage coil transmits and receives the MR signal. For image acquisition, T2-weighted, respiratory gated, multi-slice im-

aging will be performed with respiration held to under 25 breaths per minute to minimize motion artefacts in the abdomen. The rapid

acquisition with relaxation enhancement (RARE) T2-weighted pulse sequence was modified to include an effective Te (time of echo)

of 38 ms, echo train length 9.5 ms, and number of averages equal to 4 in both the coronal and axial planes with a total TR (time repe-

tition) of 2000 ms. A three-orientation (axial, sagittal, and coronal) scout image using a fast, low-angle single shot sequence was ob-

tained to localize the mouse pancreas. Between 18 and 20 coronal and axial slices were acquired per mouse with a slice thickness of

0.7 mm and slice spacing of 1 mm to cover the entire pancreas. In plane, pixel sizes of 0.156 mm 3 0.156 mm with a matrix size of

2563 192 and field of view (FOV) of 40mm3 30mmwas chosen tominimize in plane partial volume effects, maintain a FOV sufficient

to cover the abdomen, while also providing sufficient throughput for the experiment. MR images were analyzed using an open source

Horos processing software. Pancreas tumor burden was measured by tracing the outer border of the region of suspected lesions on

each slice after image intensities were normalized. Analysis was conducted on de-identified images. Tumor volume (V) was as-

sessed, using three-dimensional volumetric measurements according to the modified Simpson rule. In all contiguous transverse im-

ages, the area of tumor (A) in each slice was multiplied by the slice profile (0.7 mm slice thickness plus 1 mm intersection gap), and

total tumor volume was automatically calculated by summation of the adjacent volume according to the formula:

V = Ts 3

 Xn
i = 1

Ai

!

where Ts is the thickness of each slice, i is the individual slice number and n is the total number of slices.

Histology and Immunohistochemistry
Tissue specimens were fixed in 4% buffered formalin for 24 hours and stored in 70% ethanol until paraffin embedding. 3 mm sections

were stained with hematoxylin and eosin (HE) or used for immunohistochemical studies. Human tissue sections were collected in

accordance with the institutional review board-approved protocols of the University of Texas M.D. Anderson Cancer Center

(PA19-0435, PI: Mazur). Immunohistochemistry (IHC) was performed on formalin-fixed, paraffin embeddedmouse and human tissue

sections using a biotin-avidin method as described before (Mazur et al., 2014). The following antibodies were used (at the indicated

dilutions): cleaved caspase 3 (1:100), Ki67 (1:1,000) and SETD5 (1:100). Sections were developed with DAB and counterstained with

hematoxylin. Pictures were taken using a PreciPoint M8 microscope equipped with the PointView software. Analysis of the tumor

area and IHC analysis was done using ImageJ software. Quantification of SETD5 IHC chromogen intensity was performed by

measuring the reciprocal intensity of the chromogen stain as previously described (Nguyen, 2013). Briefly, standard RGB color im-

ages acquired from bright field microscopy have a maximum intensity of value 250 (represented by white, unstained areas) as
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measured by the standard intensity function in the open source ImageJ Fiji software. We subtracted the intensity of a stained tissue

sample from 250, thereby deriving a reciprocal intensity that is directly proportional to the amount of chromogen present.

Meta-Analysis of Gene Expression
Meta-analysis of public PDAC data sets. We downloaded raw data for gene expression studies (7 pancreatic cancer) from the NCBI

GEO and EBI ArrayExpress. After re-annotating the probes, each data set was normalized separately using gcRMA. We applied two

meta-analysis approaches to the normalized data. Themeta-analysis approachwas previously described (Khatri et al., 2013). Briefly,

the first approach combines effect sizes from each data set into a meta-effect size to estimate the amount of change in expression

across all data sets. For each gene in each data set, an effect size was computed using Hedges’ adjusted g. If multiple probes map-

ped to a gene, the effect size for each gene was summarized using the fixed effect inverse-variance model. We combined study-spe-

cific effect sizes to obtain the pooled effect size and its standard error using the random effects inverse-variance technique. We

computed z-statistics as a ratio of the pooled effect size to its standard error for each gene and compared the result to a standard

normal distribution to obtain nominal p values that were corrected for multiple hypotheses testing using false discovery rate (FDR).

We used a second non-parametric meta-analysis that combines p values from individual experiments to identify genes with a large

effect size in all data sets. Briefly, we calculated a t-statistic for each gene in each study. After computing one-tail p values for each

gene, they were corrected for multiple hypotheses using FDR. Next, we used Fisher’s sum of logs method, which sums the logarithm

of corrected p values across all data sets for each gene and compares the sum against a chi-square distribution with 2k degrees of

freedom, where k is the number of data sets used in the analysis.

Transfection and Viral Transduction
Transient expression was performed using TransIT-293 following the manufacturer’s protocol. For CRISPR/Cas9 knockouts, virus

particles were produced by co-transfection of 293T cells with the pLentiCRISPR v2 (with puromycin selection) construct expressing

indicated sgRNAs, pMD2.G and psPAX2 in a ratio of 5:2:3 by mass. 48 hours after transfection, target cells were transduced with

0.45 mm filtered viral supernatant and 8 mg/mL polybrene. Cells were selected 24 hours after media replacement with 2 mg/mL pu-

romycin or 250 mg/mL hygromycin B. For SETD5 reconstitution, virus particles were produced by co-transfection of 293T cells with

the pLenti CMV Hygro DEST (w117-1) expressing human SETD5, pMD2.G and psPAX2 in a ratio of 5:2:3 by mass. 48 hours after

transfection, target cells were transduced with 0.45 mm filtered viral supernatant and 8 mg/mL polybrene. Cells were selected 24

hours after media replacement with 250 mg/mL hygromycin B, after one week selection, the cells expressing human SETD5 (with

sgRNA tolerance synonymous mutation) were transduced with sgControl and sgSETD5 virus (sgSETD5-2), Cells were selected

24 hours after media replacement with 2 mg/mL puromycin. After 5 days selection, cells were harvested for western blot, RNA pu-

rification or ChIP.

Plasmids
Full length human SETD5 (NP_001073986.1), SETD5DSET (aa 511-1442), SETD5DC (aa 1-520) were cloned into pQCXIH vector with V5

tag at N-terminal with PreScission Protease cutting site and FLAG tag at C-terminal for sequential immunoprecipitation. Stable cells

were generated using pLenti CMV Hygro DEST(w117-1); pLentiCRISPRv2 was used for CRISPR/Cas9 knockouts in cell lines. For

bacterial expression, human SETD5DC, human SETD5 (aa 1-415), murine SETD5 (aa 1-423) (NP_766593), SETD2-SET (aa 1418-

1714) (NP_054878.5), G9a (aa 913-1193) (NP_006700.3), NSD2 (aa 942-1240) (NP_579877.1) and MLL4 (aa 2551-2715)

(NP_055542.1) were cloned into pGEX-6P-1, ASH2L (NP_001098684), RBBP5 (NP_005048), WDR5 (NP_060058.1), DPY30

(NP_115963) were cloned into pet28a; for Sf9 insect cell expression, human Flag-SETD5, PRC2 complex (Flag-EZH2

(NP_001190176.1), EED (NP_003788.2), SUZ12 (NP_056170), RbAp46 (NP_002884.1) and RbAp48 (NP_005601.2)), Flag-HDAC3

(NP_003874.2) and GST-NCoR1-DAD domain (aa 397-503) (NP_006302) were cloned into pFastbac1.

Pooled shRNA Screen
Wehave generated lentiviral shRNA sub-library (Bassik et al., 2009, 2013) containing 25 independent shRNAs directed against one of

95 known and putative humanmethyltransferase genes, including the vast majority of known protein lysinemethyltransferase (KMTs)

present in the human genome (shRNA targeting sequences are listed in Table S1). In addition, the library contains 1,000 negative

control shRNAs that have the same overall base composition as the other shRNAs, but do not match the sequence of any human

transcript. MiaPaCa2 cells were transduced with the lentivirus pool containing shRNAs as described previously (Bassik et al.,

2009, 2013). Infected cells were expanded and split into two flasks. In one flask, cells were grown in the presence of 10 nM Trametinib

(MEKi) for 12 days, while in the other flask, cells were grown in vehicle (DSMO). Untreated cells were diluted to a density of 500,000

cells/ml each day. MEKi-treated cells were diluted to a density of 500,000 cells/ml as needed. After the cell culture period, untreated

and MEKi-treated cells were collected. Genomic DNA was isolated, and shRNA encoding-constructs were counted by deep

sequencing as described previously (Bassik et al., 2009, 2013) and frequencies of shRNA-encoding cassettes were determined

by next-generation sequencing (Illumina HiSeq). The MEKi resistance screen was carried out in two independent replicates. The

MEKi resistance r conferred by an individual shRNA was calculated as described previously (Bassik et al., 2013). The set of r values

of all shRNAs for a given gene were compared to the set of r values for the negative control shRNAs, and the significance by Mann-

Whitney U test for enrichment (resistance) or depletion (sensitivity) was calculated (see also Table S1).
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Immunoblot Analysis and Immunoprecipitation
For western blot analysis, cells were lysed in RIPA buffer with 1 mMPMSF and protease inhibitor cocktail. Protein concentration was

determined using the Pierce Coomassie Plus Assay. Protein samples were resolved by SDS-PAGE and transferred to a PVDF mem-

brane (0.45 mm). The following antibodies were used (at the indicated dilutions): ERK1/2 (1:2,000), phospho-ERK1/2 (1:5,000), SETD5

(1:1,000, this paper), SETD2 (1:1,000), SHOC2 (1:1,000), G9a (1:1,000), GLP (1:1,000), HDAC3 (1:1,000), NCoR1 (1:1,000),

TBL1 (1:1,000), TBL1XR1 (1:1,000), GPS2 (1:1,000), GST (1:5,000), Flag (1:1000), Actin (1:10,000), Tubulin (1:2,000), H3 (1:5,000),

H3.3 (1:1,000), H4 (1:3000), H3K9ac (1:2,000), H3K36me1 (1:5,000), H4K5ac (1:2,000), H4K8ac (1:2,000), all the other histone modi-

fication antibodies (1:1,000). Secondary antibodies were used at 1:5,000 or 1:10,000 dilution. Protein bands were visualized using

ECL detection reagent.

For immunoprecipitation, nuclear extracts were incubated with specific antibody overnight at 4�C, antibodies for immunoprecip-

itation were used at the indicated amount: 5 mg SETD5 (lab generated), 3 mg HDAC3 (Abcam), 5 mg G9a (Bethyl). Extracts were then

incubated with protein A Sepharose beads for 3 hours at 4�C; For tandem-affinity purification (TAP), nuclear extracts were incubated

with 50 ml Anti-V5 Agarose affinity gel for 5 hours, after washing, proteins were cleaved from beads using 5 mg PreScission Protease

for 3 hours, cleaved proteins were incubated with 20 ml Anti-FLAG M2 affinity gel for another 5 hours and eluted using 0.25 mM

3XFLAG peptides for 1 hour at 4�C. Proteins were resolved by SDS–PAGE, transferred to PVDFmembrane and analyzed by western

blot.

Generation of SETD5 Antibody
Human SETD5 (aa 1-131, NP_001073986.1) was cloned into pGEX-6P-1 and expressed in BL21 E.coli. SETD5 protein fragment was

purified using GST Glutathione Sepharose 4B resin and cleaved from the beads using PreScission Protease. The purified protein

fragment was used to immunize rabbits using standard methods (performed by Genemed Synthesis, Inc.)

Expression and Purification of Recombinant Proteins
GST fusion proteins were expressed in BL21 E.coli by overnight culture at 20�C in LB medium (10 g/L tryptone, 5 g/L yeast extract,

and 10 g/L NaCl) supplementedwith 0.1mM IPTG, purified usingGlutathione Sepharose 4B and eluted in 10mM reduced glutathione

or cut from beads using PreScission Protease. Insect expression was done according to manufacturer’s protocol Bac-to-Bac Ba-

culovirus Expression System. Next, the cell lysates were incubated with Anti-FLAGM2 affinity gel for 5 hours, after washing, proteins

were cleaved from beads using 5 mg PreScission Protease for 3 hours. for HDAC3/NCoR1-DAD purification, the complex was

cleaved from beads using PreScission Protease for 3 hours, cleaved proteins were incubated with Glutathione Sepharose 4B for

2 hours and eluted in 10 mM reduced glutathione. The proteins purified were snap frozen and stored in -80�C or used in in vitro re-

action assays directly. Protein concentrations were measured using Coomassie assay.

ProtoArray, Methylation and Deacetylation Assays
In vitro methylation assays were performed similar to as described in (Mazur et al., 2014) by combining 0.5-2 mg recombinant en-

zymes or 2 mg SETD5 complex and 1-2 mg substrates (bulk histones, recombinant H3, recombinant nucleosomes) in a methyltrans-

ferase buffer (50 mM Tris pH 8.0, 20 mM KCl, 5 mM MgCl2, and 10% glycerol) supplemented with 0.1 mM S-adenosyl-methionine

(SAM) or 2 mCi of tritiated AdoMet. The reaction mixtures were incubated overnight at 30�C. Reactions were analyzed by SDS-PAGE,

followed by autoradiography, Coomassie stain, western blot or mass spectrometry. In vitro methylation assays with SETD2SET, hu-

man SETD5 (aa 1-415) and murine SETD5 (aa 1-423) were performed using the reaction buffer (50 mM Tris pH 8.8, 5 mM MgCl2,

4 mM DTT) supplemented with 50 mM S-adenosyl-methionine (SAM) or 2 mCi of tritiated AdoMet. The reactions using enzymes pu-

rified from insect cells and 293T cells were supplied with AMI-1 (40 mg/mL) to inhibit activity of protein arginine N-methyltransferases

potentially interfering with the experiment. For in vitro deacetylation assay 0.1 mg recombinant HDAC3/NCoR1-DAD complex or 1 mg

SETD5 complex and 1 mg of HeLa nucleosomes or 0.2 mg of synthesized nucleosomes were incubated in a histone deacetylase re-

action buffer (50 mM Tris pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2) at 27�C for 5 hours. Reactions were analyzed by

SDS-PAGE, followed by western blot.

Gel Filtration
Gel filtration chromatography was performed using Superose 6 Increase 10/300GL prepacked column. Nuclear extracts (1 mL) were

loaded on the equilibrated column and eluted with buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA) at flow rate of

0.25 ml/min, collecting fractions, 0.4 mL each tube. Fractions were analyzed by SDS-PAGE, followed by western blot.

Mass Spectrometry
Recombinant nucleosomes were separated by SDS-PAGE (15%) and stained using InstantBlue Protein Stain without methanol.

Histone H3 gel bands were cut into small pieces and subjected to chemical derivatization with propionic anhydride using the

same protocol as previously described (Sidoli et al., 2016; Sidoli and Garcia, 2017). Peptides were separated by high pressure liquid

chromatography (HPLC) using Dionex Ultimate 3000 LC-system and analyzed with an Orbitrap Elite mass spectrometer. Full MS

spectra were acquired in the Orbitrap mass analyzer and MS/MS spectra were obtained by selection of top 20 ions followed by colli-

sion induced dissociation (CID) analysis of fragment ions in the ion trap. Methylation states of histones were manually inspected.
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Selected ion chromatograms for peptides spanning H3K9 were extracted using Xcalibur Qual Browser. The settings were as follows:

Peptide H3 9-17(KSTGGKAPR), m/z 535.3037(me0), 542.3115(me1), 521.3062 (me2) and 528.3140(me3),10p.p.m.

For SETD5 complex protein identification V5–SETD5-Flag tandem-affinity purified (TAP) material was separated by 10% SDS-

PAGE and silver stained. Protein bands were excised from the gel and analyzed by mass spectrometry. Liquid chromatography-tan-

dem mass spectrometry (LC–MS/MS) was performed using an Orbitrap Elite and data were analyzed using MaxQuant software.

Quantitative RT-PCR
For quantitative RT-PCR, RNA was extracted using TRIzol Reagent according to the manufacturer’s instructions, cDNA synthesis

was obtained using the Superscript First-strand Synthesis kit. RT-qPCR was performed in triplicate with custom designed oligos us-

ing standard methods.

RNA-Sequencing and Data Analysis
Total RNA was extracted from KPCR cells (n = 3) (sgControl + Trametinib 0.2 mM, sgSETD5 + Trametinib 0.2 mM, or DMSO + Trame-

tinib 0.2 mM, UNC0638 0.6 mM + RGFP966 0.6 mM + Trametinib 0.2 mM) using Trizol reagent. Total RNA was subjected to polyA

selection using Dynabeads mRNA purification kit. 20 ng polyA RNA was utilized for library generation using SMARTer Stranded

RNA-seq kit. The RNA-seq libraries were sequenced using Illumina HiSeq 3000 platform (pair end 150 bp analysis). RNA-seq

data processing, low-quality and adapter-containing reads were trimmed using Trim-galore software package under paired-end

mode, any reads shorter than 50 bp were removed. The remaining trimmed sequences were mapped to the reference genome

(mm10) with hisat2 under default settings. We used htseq-count to count the mapped reads number on every mm10 Refseq tran-

script. Differential gene expression analysis was performed with DESeq2 software. Genes with p value % 0.05, log2 fold

change R 0.5 were defined as up-regulated genes, and genes with p value % 0.05 log2 fold change % -0.5 were defined as

down-regulated genes. Enrichment analysis was performed for KEGG pathways. Gene set enrichment analysis (GSEA) was per-

formed using the Broad Institute of the Massachusetts Institute of Technology and Harvard University software. For both gene

sets, we used the default parameters of the GSEA software package; the genes set permutation was used. In brief, the normalized

enrichment score provides the degree to which a gene set is overrepresented at the top or bottom of a ranked list of genes. The false

discovery rate q value (FDR) is the estimated probability that a gene set with a given NES represents a false positive finding, an FDR

cutoff of 0.05 was used for all analysis.

Chromatin Immunoprecipitation (ChIP)
Cells were fixedwith 1% formaldehyde for 10min at room temperature before termination with 0.125M glycine. Cells were then lysed

in ChIP buffer (0.3% SDS, 300 mM NaCl, 1 mM EDTA, and 50 mM Tris-HCl pH 8.0), and cross-linked chromatin was sonicated to

obtain DNA fragments around 250 bp. After sonication, dilute the 0.3% SDS to 0.1% SDS with ChIP dilution buffer (300 mM

NaCl, 1 mM EDTA, and 50 mM Tris-HCl pH 8.0). Immunoprecipitations were performed using the diluted samples that were incu-

bated at 4�C for 3 hours with following antibodies: SETD5 (3 mg, this paper), H3K9ac (2 mg), H3K9me2 (3 mg). Next, 10-15 ml protein

A/G beads were added and incubated at 4�C for 5 hours. Then beads were treated with binding buffer (0.1% SDS, 300 mM

NaCl,10 mM EDTA, and 50 mM Tris-HCl pH 8.0) 4 times, wash buffer (1 mM EDTA, 50 mM Tris-HCl pH 8.0) twice, LiCl buffer

(20 mM Tris, pH 7.4, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate) once and TE buffer (10 mM Tris pH 8.0,

1 mM EDTA) once. DNA was eluted from beads using elution buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) and de-crosslinked

at 65�C for 4 hours. DNA was recovered by PCR Purification Kit. RT-qPCR analyses were performed on immunoprecipitated DNA

using specific primers. The results were presented as relative fold enrichment over the input.

GSH Assay
Reduced cellular glutathione (GSH) was determined enzymatically using a Glutathione assay kit according to manufacturer’s

protocol. Briefly, 1 3 107 KPCR cells were washed with PBS, incubated with 500 mL MES reagent and sonicated for 1 min and

then centrifuged at 13,500 rpm for 15 min at room temperature. Next, the samples were deproteinated by adding 500 mL of 10%

metaphosphoric acid reagent and centrifuged at 13,500 rpm for 3 min at room temperature. Next, the supernatant was treated

with 50 mL TEAM reagent. Total glutathione concentration was determined kinetically by measuring the formation of 5-thio-2-nitro-

benzoic acid from 5, 50-dithionitrobenzoic acid in the presence of NADPH and glutathione reductase fluorometrically at 405 nm.

Cell Assays
To analyze cell proliferation cancer cells were seeded at 2 3 105 cells/mL in triplicate in 6-well plates. Cell counts were acquired by

Countess II FL automated cell counter at indicated days. After each counting, the cells were maintained at a density between 2-4 3

105 cells/mL. Trypan blue was used to stain non-viable cells. Cell numbers were expressed relative to 13 105 cells/mL. For analysis

of cell response toMEKi we used the IncuCyte live cell imaging system. Cells were seeded at a concentration of 4,000 cells per well in

96-well plate and allowed to attach overnight. Next, MEKi at specified concentration was added and cells were analyzed every 4

hours for confluency.

To analyze SETD5 expression uponMEKi treatment mouse KPCN cells were treated withMEK1/2 inhibitors at low concentration of

Binimetinib (10 nM), Pimasertib (10 nM), Selumetinib (10 nM) and Trametinib (5 nM) for the first week, then concentration was
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gradually increased to Binimetinib (0.6 mM), Pimasertib (1 mM), Selumetinib (0.5 mM) and Trametinib (0.2 mM) over the 4 weeks. After

inhibitor treatment, total protein and RNA were isolated from the cells and analyzed by western blot and quantitative RT-qPCR.

siRNA Transfection
To perform SHOC2 depletion 53105 KPCR and KPCN cells were transfected with 30 pmol siRNA oligo mix utilizing RNAimax trans-

fection reagent for 48 hours according to manufacturer’s protocol. Following 48 hours post-transfection, cells were utilized to

perform proliferation assay and western blot analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Please refer to the Figure Legends or the Experimental Details for description of sample size (n) and statistical details. All values for n

are for individual mice or individual sample. Sample sizes were chosen based on previous experience with given experiments. Cell

culture assays have been performed in triplicates and in two independent experiments, unless stated otherwise. Differences were

analyzed by log-rank, two-tailed unpaired Student’s t test, Mann-Whitney U test, two-way ANOVA with Tukey’s testing for multiple

comparisons using Prism 7 (GraphPad), p values % 0.05 were considered significant.
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