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Abstract

Trimethylation of histone 3 lysine 9 (H3K9me3) at gene promoters is a major epigenetic 

mechanism that silences gene expression. We have developed a small molecule inhibitor for the 

H3K9me3-specific histone methyltransferase SUV39H1. We report here that FAS expression is 

significantly down-regulated and SUV39H1 expression is significantly up-regulated in human 

colorectal carcinoma (CRC) as compared to normal colon. SUV39H1-selective inhibitor F5446 

decreased H3K9me3 deposition at the FAS promoter, increased Fas expression, and increased 

CRC cell sensitivity to FasL-induced apoptosis in vitro. Furthermore, inhibition of SUV39H1 

altered the expression of genes with known functions in DNA replication and cell cycle in the 

metastatic colon carcinoma cells, which is associated with cell cycle arrest at S phase in the 

metastatic human colon carcinoma cells, resulting in tumor cell apoptosis and growth inhibition in 

a concentration-dependent manner in vitro. Moreover, F5446 increased 5-FU-resistant human 

CRC sensitivity to both 5-FU- and FasL-induced apoptosis and inhibited tumor cell growth in 

vitro. More importantly, F5446 suppressed human colon tumor xenograft growth in vivo. Our data 

indicate that pharmacological inhibition of SUV39H1 is an effective approach to suppress human 

CRC.
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1. Introduction

5-Fluorouracil (5-FU), in combination with other cytotoxic or targeted agents, is the 

standard adjuvant therapy for human patients with metastatic colorectal cancer (CRC) [1]. 

Although recent advance in liver resection, combined with 5-FU-based chemotherapy, have 

significantly improved the survival of patients with metastatic CRC [2], development of 

resistance to 5-FU is almost inevitable in CRC patients [3], resulting in tumor recurrence 

and resultant metastasis to distant organs, primarily to the liver, which accounts for over 

90% of human CRC mortality [4]. One of the hallmarks of metastatic human CRC is loss of 

Fas expression and apoptosis resistance [5–10]. The death receptor Fas mediates the FasL-

induced apoptosis pathway, which is one of the two primary effector mechanisms that 

cytotoxic T lymphocytes (CTLs) use to induce tumor cell apoptosis to suppress tumor 

development [10–14]. It is likely that metastatic CRC cells using silencing Fas expression as 

a mechanism to evade host immune surveillance.

p53 is a transcription activator that binds to the p53-binding element at the first intron of the 

FAS gene to activate FAS transcription in human colon tumor cells [15]. 5-FU is known to 

induce a DNA damage response that activates p53 [15–17] to up-regulate Fas in colon 

carcinoma cells [15, 18]. 5-FU chemotherapy may increase colon tumor cell Fas expression 

to sensitize the tumor cells to host FasL+ CTL-induced apoptosis. It is therefore not 

surprising that 5-FU chemotherapy may selectively eliminate Fas-sensitive tumor cells to 

enrich tumor cells with low level of Fas expression, which may underlie CRC immune 

evasion and progression. Therefore, re-activating FAS expression is an effective approach to 

suppress chemoresistant and metastatic human CRC.

Covalent modification of histones, one of the two core components of eukaryotic chromatin, 

is a major mechanism of epigenetic regulation of gene expression. The methylation of lysine 

residues in histones, particularly in the N-terminal tails of histones H3 and H4 of the 

chromatin, play a fundamental role in the regulation of gene expression through modulating 

chromatin structure. Histone methyltransferases (HMTases) catalyze the methylation of 

histones to modify chromatin structure, thereby influencing gene expression patterns during 

cellular processes. Unlike genetic mutations of oncogenes and tumor suppressor genes, 

which are permanent alterations in the cancer genome, histone methylation is a reversible 

process, which has made HMTases attractive molecular targets for cancer therapy [19, 20]. 

Genome-wide ChIP-Seq identified H3K9me3 deposition at the FAS promoter [21]. 

Furthermore, H3K9me3 deposition level is significantly higher in metastatic human colon 

carcinoma than in primary human colon carcinoma [21]. It is known that H3K9me3 creates 

a transcriptionally repressive chromatin conformation to repress gene transcription [22, 23]. 

Consistent with this phenomenon, inhibiting H3K9me3 with a natural histone 

methyltransferase inhibitor verticillin A decreased H3K9me3 deposition at the FAS 
promoter and increased FAS expression in the metastatic human colon carcinoma cells [21]. 
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H3K9me3 is catalyzed by HMTase SUV39H1 [24–26]. We have now developed a second 

generation SUV39H1-selective small molecule inhibitor F5446 [27]. We report here that 

targeting H3K9me3 with F5446 is effective in re-activating Fas expression and inducing cell 

cycle arrest to suppress 5-FU-resistant human CRC growth in vitro and in vivo.

2. Materials and Methods

2.1. Mice and cells.

Athymic mice were obtained from the Jackson Laboratory. Seven to eleven weeks old 

female mice were used. All mice were housed, maintained and studied in accordance with 

an approved protocol by Augusta University Institutional Animal Use and Care Committee. 

LS411N, SW620, and CCD841 cells were obtained from American Type Culture Collection 

(ATCC, Manassas, VA). ATCC characterizes these cells by morphology, immunology, DNA 

fingerprint, and cytogenetics. LS411N-5FUR and SW620–5FUR cell lines were selected by 

using increased 5-FU concentrations as previously described [21].

2.2. Reagents.

5-Fluorouracil was obtained from Georgia Cancer Center Pharmacy. F5446 was synthesis in 

LeadGen Labs LLC (Orange, CT) as previously described [27]. Each lot of F5446 was 

tested by LC-MS and NMR as quality control. The purity is over 96%. F5446 enzymatic 

inhibitory activity was quality control tested in Reaction Biology Corp (Malvern, PA). The 

EC50 of F5446 used in this study in inhibition of SUV39H1 in vitro is 2.03 μM. Mega-Fas 

Ligand (kindly provided by Dr. Peter Buhl Jensen at Oncology Venture A/S, Denmark) is a 

recombinant fusion protein that consists of three human FasL extracellular domains linked to 

a protein backbone comprising the dimer-forming collagen domain of human adiponectin. 

The Mega-Fas Ligand was produced as a glycoprotein in mammalian cells using Good 

Manufacturing Practice compliant process in Topotarget A/S (Copenhagen, Denmark).

2.3. TCGA database analysis.

Human datasets of FAS and SUV39H1 expression in human colorectal carcinoma and 

normal colon tissues were extracted from TCGA Colon and Rectal Cancer (COADREAD) 

ploy A+ IlluminaHiSeq pancan normalized RNA seq dataset using UCSC Xena Cancer 

Genomics Browser.

2.4. DNA microarray.

Tumor cells were treated with F5446 at 500 nM for 2 days, Total RNA was isolated and 

used. The human gene 2.0 ST array (Affymetrix, Santa Clara, CA) was used for the gene 

expression profiling. Total RNA samples were processed using the Ambion WT expression 

kit (Life Technologies, Calsbad, CA) and a GeneChip WT terminal labeling kit 

(Affymetrix). The synthesized sense strand cDNAs were fragmented and biotin-labeled 

using a GeneChip WT terminal labeling kit. The labeled cDNAs were hybridized onto the 

arrays using Affymetrix GeneChip fluidics station 450 systems. The expression data were 

imported into Partek GS version 6.6 using a standard import tool with GeneChip robust 

multiarray analysis normalization. The differential expressions were calculated using 

ANOVA of Partek package.
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2.5. Chromatin immunoprecipitation (ChIP) assay.

ChIP assays were carried out using anti-H3K9me3 antibody (Abcam) according to the 

manufacturer’s protocol and as previously described [21]. Fas promoter DNA was detected 

by PCR using promoter DNA-specific primers as previously described [21]. The primer 

sequence hFas ChIP-F: 5’- GGTGGACGATGCCAAAGGAATAC −3’; hFas ChIP-B: 5’- 

CACTCAGAGAAAGACTTGCGGG −3’

2.6. Flow cytometry.

To analyze Fas expression level, tumor cells stained with anti-human Fas antibody 

(Biolegend). The stained cells were then analyzed by flow cytometry. To analyze apoptotic 

cell death and apoptosis, tumor cells were treated with F5446, 5-FU, or MegaFasL. Both 

floating and adherent cells were then collected and incubated with propidium iodide (PI) and 

Annexin V and analyzed by flow cytometry. The % apoptotic cell death was calculated by 

the formula: Annexin V+ PI+ cells in the treatment group - Annexin V+ PI+ cells in the 

control group. To determine Fas expression level in tumor cells of the xenografts, the tumor 

tissues were dissected, digested with collagenase solution [1 mg/ml Collagenase (Sigma-

Aldrich, St Luis, MO), 0.1 mg/ml Hyaluronidase (Sigma-Aldrich), and 30 U/ml DNase I 

(Thermo Scientific, Waltham, MA)] to make single cells. The tumor digests were then 

passed through a cell strainer and stained with DAPI, plus anti-mouse CD45 and anti-human 

Fas (Biolegend). The stained cells were analyzed by flow cytometry. The CD45− live cells 

were gated for Fas level.

2.7. Cell viability assays.

Cells were seeded in 96-well plates at 1×104 cells/well in 100 μl culture medium for 3 days. 

Cell viability assays were performed using the MTT cell proliferation assay kit (ATCC, 

Manassas, VA) according to the manufacturer’s instructions.

2.8. Cell cycle analysis.

Cells were collected and fixed in 70% ethanol for 30 min. The fixed cells were washed in 

PBS and incubated with DNA extraction buffer [192 mmol/L Na2HPO4, 4 mmol/L citric 

acid (pH 7.8)] for 5 min. RNase A and propidium iodide (PI) were added to the cells and 

incubated for 30 min. The cell cycle was analyzed by flow cytometry.

2.9. Human colon tumor xenograft models.

Twenty athymic mice were subcutaneously inoculated with SW620 cells (2.5 × 106 cells/

mouse) at the right flanks. At day 8, fifteen tumor-bearing mice with relative similar sizes of 

tumors were selected and randomly divided into three groups, and treated with solvent [10% 

cremophor (Sigma-Aldrich, St Luis, MO)](control, n=5), and F5446 at 5 (n=5) and 10 

mg/kg (n=5) body weight, respectively, by intraperitoneal injection every two days for 10 

times. Fifteen athymic mice were subcutaneously inoculated with SW620–5FUR cells (2.5 × 

106 cells/mouse) at the right flanks. At day 8, tumor-bearing mice were randomly divided 

into three groups and treated as above in the SW620 xenograft. Tumor size was measured in 

2 dimensions with a digital micrometer caliper at the indicated time points. Tumor volume 

was calculated by the formula (tumor length × tumor width2)/2.
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2.10. Statistical analysis.

All statistical analysis was performed using SAS 9.4 and statistical significance was 

assessed using an alpha level of 0.05. Assumptions of normality and equality of variance for 

analysis of variance (ANOVA) methods were assessed for each outcome. To examine 

differences in H3K9me3 deposition level at the FAS promoter and FAS MFI between control 

and F5446 concentration groups, one-way ANOVA was used with a Tukey-Kramer multiple 

comparison procedure if the overall F-test was statistically significant. To determine effects 

F5446 and FasL or F5446 and 5-FU on apoptotic cell death in tumor cells, two-factor 

ANOVA that included the main effects and the two-factor interaction between the main 

effects was used. A Tukey-Kramer multiple comparison procedure was used on the adjusted 

least squares means of the two-factor interaction term if the overall F-test for the interaction 

effect was statistically significant. To examine whether tumor xenograft growth kinetics 

between F5446 doses and control are different, a repeated-measures mixed model was used 

with a Kenward-Rodger adjustment to the denominator degrees of freedom and an 

unstructured correlation matrix to model the correlation within animal between 

measurement days. To examine differences in tumor size and tumor weight at time of 

sacrifice between F5446 doses, one-way ANOVA was used with a Tukey-Kramer multiple 

comparison test if the overall F-test was statistically significant.

3. Results

3.1. FAS is down-regulated and SUV39H1 is up-regulated in human colorectal carcinoma.

Previous studies have shown that Fas protein level is high in normal human colon epithelial 

cells, but diminished in primary human colorectal carcinoma, and almost completely 

abolished in metastatic human colorectal carcinoma [6, 8]. Analysis of genomic data set 

from TCGA database validated that FAS is indeed down-regulated in human colorectal 

carcinoma as compared to normal colon tissue (Fig. 1A). The Fas-FasL cytotoxicity is one 

of the two major effector mechanisms that CTLs use to lyse target cells [9–13, 28]. 

Therefore human colorectal carcinoma cells may use silencing FAS expression as a 

mechanism to evade host FasL+ tumor-infiltrating CTL-mediated immunosurveillance to 

progress the disease [8, 29]. FAS is silenced by its promoter H3K9me3 deposition [21]. 

Analysis of the TCGA human colorectal carcinoma data set revealed that SUV39H1, the 

histone methyltransferase that catalyzes H3K9me3, is significantly up-regulated in human 

colorectal carcinoma as compared to the normal colon tissues (Fig. 1B). Linear regression 

analysis of the expression levels of SUV39H1 and FAS determined that SUV39H1 

expression level is inversely correlated with FAS expression level in these human colorectal 

carcinoma (Fig. 1C). These observations indicate that SUV39H1 represses FAS expression 

in human colorectal carcinoma cells.

3.2. SUV39H1 regulates FAS expression and function in human colon carcinoma cells.

To target SUV39H1, we have developed the SUV39H1-selective small molecule inhibitor 

F5446 [27]. Because H3K9me3 is highly enriched in the FAS promoter region in the 

metastatic human colon carcinoma cells [21], we next treated human colon carcinoma cell 

lines SW620 and LS411N with F5446. SW620 is a metastatic human colon carcinoma cell 

line that expresses low level of Fas [21, 30] and LS411N is a cell line derived from advanced 
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primary human colon carcinoma that expresses low level of Fas [21, 31]. ChIP analysis 

indicates that F5446 treatment significantly decreased H3K9me3 deposition level at the FAS 
promoter in both SW620 and LS411N cells (Fig. 2A & B). Consistent with decreased 

H3K9me3 deposition at it promoter, FAS expression is significantly increased by F5446 

treatment in a concentration-dependent manner on the tumor cells (Fig. 2C). As compared to 

the tumor cell lines, the normal human colon epithelial cell line CCD841 exhibited 

significantly less Fas expression increase by F5446 in vitro (Fig. S1). At the functional level, 

tumor cell sensitivity to FasL-induced apoptosis was significantly increased by a sublethal 

concentration of F5446 treatment in vitro (Fig. 2D).

3.3. Inhibition of SUV39H1 induces human colon tumor cell cycle arrest and apoptosis.

To determine the genome-wide gene expression profiles, SW620 cells were treated with 

F5446 for 2 days and then analyzed for gene expression by DNA microarray using an 

Affymetrix human gene 2.0 ST array. The entire data set is being deposited to GEO. Genes 

whose expression was significantly changed as compared with untreated cells were 

identified by a combination of ANOVA (p < 0.01), intensity changes (≤2.0-fold). These 

F5446 target genes were then functionally grouped. We identified a large set of genes with 

known functions in DNA replication and cell cycle (Fig. 3A & B). We then tested the 

hypothesis that F5446 inhibits SUV39H1 to decrease H3K9me3 level to regulate tumor cell 

cycle progression. SW620 and LS411N cells were treated with F5446 for 2 days. Cells were 

then analyzed for cell cycle progression. It is clear that F5446 treatment induced cell cycle 

arrest at the S phase in a concentration-dependent manner in both SW620 and LS411N cells 

(Fig. 3C & D). S-phase cell cycle arrest leads to apoptosis [32]. We therefore reasoned that 

F5446 should be effective as a monotherapeutic agent to induce tumor cell apoptosis. 

SW620 and LS411N cells were treated with various concentrations of F5446 and analyzed 

for apoptosis. F5446 induced apoptosis in both tumor cell lines in a concentration-dependent 

manner in vitro (Fig. 4A). As compared to the tumor cells, the normal human colon 

epithelial cell line CCD841 is less sensitive to F5446 in apoptotic cell death induction (Fig. 

4B). Both SW620 and LS411N cells were also treated with F5446 and measured for cell 

viability. F5446 effectively suppressed both cell line growth in a concentration-dependent 

manner and almost completely inhibited both SW620 and LS411N cell growth in vitro at a 

concentration of 0.25 μM (Fig. 4C).

3.4. The SUV39H1-H3K9me3 pathway regulates colon tumor cell sensitivity to 5-FU and 
FasL.

5-FU can induce a DNA damage response that activates transcription factor p53 in colon 

tumor cells [15, 18]. It has been shown that 5-FU-activated p53 binds to a p53-binding DNA 

sequence element in the FAS gene intron 1 to activate FAS expression in colon tumor cells 

[15–17]. In addition to its direct cytotoxicity, 5-FU therapy therefore may also increase Fas 

expression on the colon carcinoma cells to sensitize tumor cells to FasL-induced apoptosis. 

Although the physiological FasL is expressed on T cells [33, 34], it is known that colorectal 

tumor cells also express FasL [35, 36]. It is therefore possible that tumor cells may secrete 

FasL to induce tumor cell apoptosis through the 5-FU-activated Fas [37]. As observed 

above, SUV39H1 regulates Fas expression and function, we next sought to determine 

whether F5446 can overcome human colon cancer cell resistance to 5-FU. SW620–5FUR 

Lu et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2021 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and LS411N-5FUR are two 5-FU resistant cell lines established from SW620 and LS411N 

by increasing concentration of 5-FU selection [21]. These two cell lines were treated with 5-

FU, F5446, or both 5-FU and F5446, respectively. A sublethal concentration of F5446 

significantly increased LS411N-5FUR cell sensitivity to 5-FU-induced apoptosis (Fig. 5A). 

Due to the diminished Fas expression, both SW620–5FUR and LS411N-5FUR cells are 

resistant to FasL-induced apoptosis (Fig. 5B). A sublethal concentration of F5446 

significantly increased both SW620–5FUR and LS411N-5FUR cell sensitivity to FasL-

induced apoptosis (Fig. 5B).

3.5. F5446 induces human colon tumor cell apoptosis and growth arrest in vitro.

To determine the efficacy of F5446 as a monotherapeutic agent in suppression of human 

colon carcinoma, SW620–5FUR and LS411N-5FUR cells were treated with F5446 at 

various concentrations in vitro. Analysis of tumor cell apoptosis determined that F5446 

induced both 5-FU-resistant tumor cell line apoptosis in a concentration-dependent manner 

(Fig. 6A). F5446 at a concentration of 1 μM induced about 20% and 60% apoptotic cell 

death, respectively, in SW620–5FUR and LS411N-5FUR cells (Fig. 6B). Both SW620–

5FUR and LS411N-5FUR cells were also treated with F5446 and measured for cell viability. 

F5446 effectively suppressed both cell line growth in a concentration-dependent manner and 

almost completely inhibited both SW620–5FUR and LS411N-5FUR cell growth in vitro at a 

concentration of 0.5 μM (Fig. 6C). These observations suggest that in addition to its function 

in regulating human colon carcinoma cell sensitivity to apoptosis induction, SUV39H1 plays 

an essential role in human colon carcinoma cell survival.

3.6. Targeting SUV39H1 effectively suppresses human colon tumor xenograft growth in 
vivo.

The above observation indicates that inhibiting SUV39H1 is effective in suppressing 

metastatic and 5-FU-resistant human colon tumor cell growth in vitro. To determine whether 

this finding can be translated to tumor growth suppression in vivo, SW620 and SW620–

5FUR cells were injected to athymic mice. The tumor-bearing mice were then treated with 

F5446. For the SW620 xenografts, the pattern of tumor growth across the 26 days was 

similar in the control and the two F5446 doses (Fig. 7A & B). However, the Tukey-Kramer 

multiple comparison procedure indicated that an F5446 dose of 10 mg/kg had significantly 

smaller tumor sizes than the control group (p=0.0042) and the dose of 5 mg/kg (p=0.0135). 

The Tukey-Kramer multiple comparison procedure indicated that an F5446 dose of 10 

mg/kg also had significantly lower tumor weight than the control group (p=0.0105) or the 

dose of 5 mg/kg (p=0.0204) (Fig. 7A & C).

For the SW620–5FUR xenografts, F5446 at a dose 10 mg/kg had significantly lower tumor 

growth at day 26 than the control group (p<0.0001) and the dose of 5 mg/kg group 

(p=0.0035) (Fig. 7D & E). The Tukey-Kramer multiple comparison procedure indicated that 

a F5446 dose of 10 mg/kg had significantly smaller tumor sizes than the control group 

(p=0.0424). The Tukey-Kramer multiple comparison procedure indicated that a F5446 dose 

of 10 mg/kg also had significantly lower tumor weight than the control group (p=0.0183) 

(Fig. 7D & F).
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To determine whether F5446 increased Fas expression in vivo, tumor cells from the SW620 

xenografts were stained for Fas and analyzed by flow cytometry. F5446 significantly 

increased Fas expression in human colon tumor cells in vivo (Fig. S2).

4. Discussion

The H3K9me3-specific histone methyltransferase SUV39H1 plays a key role in regulating 

constitutive heterochromatin to silence gene expression under physiological conditions [25, 

38, 39]. In this study, we observed a significantly elevated SUV39H1 expression level in 

human colon carcinoma. Furthermore, SUV39H1 expression level is inversely correlated 

with expression of the death receptor Fas in human colorectal carcinoma. In the functional 

level, we determined that SUV39H1 not only confers human colon tumor cell resistance to 

apoptosis induction, but also regulates cell cycle progression to promote human colon tumor 

cell survival. These observations thus indicate that the human colon carcinoma cells may use 

the SUV39H1-H3K9me3 axis to silence tumor suppressors to advance tumor progression 

under pathological conditions [21, 40–44], and suggest that SUV39H1 is a molecular target 

for suppressing human colorectal carcinoma, particularly the metastatic human colon 

carcinoma which has a high genome-wide H3K9me3 deposition [21].

Chaetocin and verticillin A are the only two known SUV39H1 inhibitors [21, 45]. Although 

very potent as histone methyltransferase inhibitors, chaetocin and verticillin A also inhibit 

several other histone methyltransferases and thus has potential toxicity [21, 45]. Moreover, 

due to their complicated structures, no chemical synthesis procedure has been developed for 

chaetocin and verticillin A. To target SUV39H1, we have developed and chemically 

synthesized the second generation SUV39H1-selective inhibitor F5446. Our previous 

preliminary toxicity studies determined that F5446 has low toxicity in mouse models in vivo 

[27]. Consistent with the functions of the SUV39H1-H3K9me3 axis in tumor cell apoptosis 

and cell cycle regulation, we determined that a sublethal concentration of F5446 is effective 

in sensitizing human colon carcinoma cells to apoptosis induction by FasL and 5-FU. More 

importantly, F5446 effectively suppressed 5-FU-resistant human colon carcinoma growth in 

vitro and human colon carcinoma xenograft growth in vivo. Therefore, F5446 has the great 

potential to be developed as a monotherapeutic agent to treat 5-FU-resistant human 

colorectal carcinoma.

Immune checkpoint inhibitor (ICI) immunotherapy, such as anti-PD-1 and anti-PD-L1 

blocking antibody immunotherapy, blocks interactions between PD-L1and PD-1 to reverse 

immune suppression to unleash CTLs to kill tumor cells [46]. CTLs kill tumor cells through 

inducing tumor cell apoptosis by the perforin-granzyme and Fas-FasL cytotoxic pathways 

[10–14, 47]. To kill tumor cells, not only CTLs must be activated but also the target tumor 

cells must be sensitive to apoptosis induction. If tumor cells are not sensitive to apoptosis 

induction, then regardless how potent the CTLs are, tumor cells are not going to be killed by 

the CTLs. Resistance to apoptosis is a hallmark of human cancer [5], particularly the 

metastatic human colorectal cancer [6–10, 29]. We observed here that F5446 is effective in 

up-regulating Fas expression in human colorectal carcinoma and sensitizing the tumor cells 

to apoptosis induction. It is therefore expected that F5446 should increase colon carcinoma 

cells sensitivity to anti-PD-1-based ICI immunotherapy. However, this is not the case. In a 
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recent study, we observed that F5446 and anti-PD-1 immunotherapy have no synergistic or 

additive efficacy in suppressing colon carcinoma growth in the immune competent 

syngeneic mouse colon carcinoma tumor model in vivo [27]. Furthermore, even though we 

demonstrated here that F5446 can effectively suppress human colon carcinoma xenograft 

growth in vivo in the immune-deficient mice, F5446 showed no direct effect on mouse colon 

carcinoma growth in vivo since neutralizing CTLs diminished F5446 efficacy in tumor 

suppression in the immune competent colon tumor mouse model [27]. F5446 was designed 

based on the human SUV39H1 protein catalytic domain structure [48]. One scenario is that 

F5446 may have less affinity for mouse Suv39h1 than for human SUV39H1. Nevertheless, 

F5446 exhibited potent activity in activating tumor-infiltrating CTL effector expression and 

function to suppress mouse colon carcinoma in preclinical mouse models [27], which 

suggest that F5446 is potentially effective in targeting both colorectal carcinoma cells and 

tumor-infiltrating CTLs to enhance the efficacy of ICI immunotherapy to suppress colorectal 

cancer, particularly the metastatic and 5-FU-resistant colorectal cancer in humans.
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Highlights

• FAS expression is inversely correlated with SUV39H1 in human CRC.

• Gene expression profiling revealed that SUV39H1 regulates cell cycle and 

apoptosis.

• SUV39H1 inhibitor F5446 sensitizes human CRC to apoptosis induction by 

FasL and 5-FU.

• F5446 induces human CRC cell cycle arrest at S phase to suppress tumor 

growth.

• F5446 suppresses 5-FU-resistant human CRC xenograft growth in vivo.
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Figure 1. FAS expression is inversely correlated with SUV39H1 expression in human colorectal 
carcinoma.
A. FAS and SUV39H1 mRNA expression data sets of human colon carcinoma (n=380) and 

normal colon tissues (n=51) were extracted from TCGA database and compared. B. The 

expression levels of FAS and SUV39H1 were then plotted and analyzed for correlation.
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Figure 2. SUV39H1 regulates H3K9me3 deposition at the FAS promoter in human colorectal 
tumor cells.
A. The structure of the human Fas promoter showing the ChIP PCR primer location. B. 

SW620 and LS411N cells were treated with F5446 at the indicated concentrations for two 

days. Cells were then analyzed by ChIP with anti-H3K9me3 antibody for H3K9me3 

deposition at the FAS promoter region. One-way ANOVA was used with a Tukey-Kramer 

multiple comparison procedure to determine difference in H3K9me3 deposition level 

between control and treatment groups. Column: mean; Bar: SD. C. Tumor cells as treated in 

A were stained with IgG or anti-human Fas antibody and analyzed by flow cytometry. 

Shown are overlays of histograms (top panel). The Fas MFI was quantified and presented at 

the bottom panel. One-way ANOVA was used with a Tukey-Kramer multiple comparison 

procedure to determine difference in Fas MFI between control and treatment groups. D. 

Tumor cells were treated with FasL (100 ng/ml), F5446 (250 nM), or F5446+FasL, 

respectively, for three days, stained with annexin V and PI and analyzed by flow cytometry. 

Shown are representative plots of flow cytometry data. The apoptotic cell death and 

apoptosis were quantified and presented at the bottom panel. % apoptotic cell death was 

calculated by the formula: Annexin V+ PI+ cells in the treatment group - Annexin V+ PI+ 
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cells in the control group. To determine the effect of F5446 and FasL on cell death, two-

factor ANOVA that included the main effects and the two-factor interaction between the 

main effects was used. A Tukey-Kramer multiple comparison procedure was used on the 

adjusted least squares means of the two-factor interaction term if the overall F-test for the 

interaction effect was statistically significant. The p values are shown at top of the bars. 

Shown are representative data of one of four experiments.
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Figure 3. SUV39H1 regulates cell cycle progression in human colon tumor cells.
A. SW620 cells were treated with F5446 (500 nM) for 2 days and analyzed for genome-

wide gene expression profiles by DNA microarray. The genes whose expression was 

changed by a 2-fold were selected and fed into the Panther program to group the genes based 

on their functions in biological process. Shown is the Gene Set Enrichment Analysis 

(GSEA) of the top fifteen Gene Ontology (GO) terms enriched in untreated cells. All GSEA 

false discovery rate q-values <0.0001. B. Representative enrichment plots. C. SW620 cells 

were treated with F5446 at the indicated concentrations for 48 hours. Cells were then fixed, 

stained with PI, and analyzed by flow cytometry for DNA content. Shown are representative 

histographs of flow cytometry data (top panel). The % cells at each phase were quantified 

and presented at the bottom panel. D. LS411N cells were treated and analyzed as in A. 

Columns, mean; bars, SD. Shown are representative data of one of two experiments.
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Figure 4. Inhibition of SUV39H1 induces human colon tumor cell apoptosis in vitro.
A. SW620, LS411N and CCD841 cells were cultured in the presence of F5446 at the 

indicated concentrations for three days. Cells were stained with Annexin V and PI and 

analyzed by flow cytometry. Shown are representative plots of flow cytometry data. B. The 

F5446-induced cell death as shown in A was quantified and presented at the right panels. 

The % apoptotic cell death was calculated by the formula: Annexin V+ PI+ cells in the 

treatment group-Annexin V+ PI+ cells in the control group. C. Tumor cells as indicated were 
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cultured in the presence of F5446 at the indicated concentrations for three days and analyzed 

by MTT assay for cell viability. Shown are representative data of one of three experiments.
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Figure 5. Inhibition of SUV39H1 increases 5-FU-resistant human colon tumor cell sensitivity to 
5-FU and FasL-induced apoptosis.
A. The 5-FU-resistant human colon tumor cells were cultured in the presence of 5-FU (2 μg/

ml), F5446 (250 nM), or both 5-FU and F5446 for 3 days. The cells were then stained with 

Annexin V and PI and analyzed by flow cytometry. Shown are representative plots of flow 

cytometry data (top panel). Cell death was quantified and presented at the bottom panel. The 

% apoptotic cell death was calculated by the formula: Annexin V+ PI+ cells in the treatment 

group-Annexin V+ PI+ cells in the control group. Column: mean; Bar: SD. To determine the 

effect of 5FU and FasL on cell death, two-factor ANOVA that included the main effects and 

the two-factor interaction between the main effects was used. A Tukey-Kramer multiple 

comparison procedure was used on the adjusted least squares means of the two-factor 

interaction term if the overall F-test for the interaction effect was statistically significant. 
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The p values are shown at top of the bars. B. The 5-FU-resistant human colon tumor cells 

were cultured in the presence of FasL (100 ng/ml), F5446 (250 nM), or both FasL and 

F5446 for 3 days. The cells were then analyzed as in A. Shown are representative plots of 

flow cytometry data (top panel). Cell death as shown in the top panel was quantified and 

presented at the bottom panel. The % apoptotic cell death was calculated by the formula: 

Annexin V+ PI+ cells in the treatment group-Annexin V+ PI+ cells in the control group. The 

p values were determined by the same method as in A. Shown are representative data of one 

of two experiments.
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Figure 6. Inhibition of SUV39H1 results in 5-FU-resistant tumor cell apoptosis and growth 
suppression in vitro.
A. The 5-FU-resistant tumor cells were treated with F5446 at the indicated concentrations 

for 3 days. Cells were stained with annexin V and PI and analyzed by flow cytometry. 

Shown are representative plots of flow cytometry data (top panel). Cell death was quantified 

and presented at the bottom panel. The % apoptotic cell death was calculated by the 

formula: Annexin V+ PI+ cells in the treatment group-Annexin V+ PI+ cells in the control 

group. B. Tumor cells as indicated were cultured in the presence of F5446 at the indicated 

concentrations for three days and analyzed by MTT assay for cell viability. Shown are 

representative data of one of two experiments.
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Figure 7. F5446 suppresses human colon tumor xenograft growth in vivo.
A. SW620 cells (2.5 × 106 cells/mouse) were injected subcutaneously into the right flanks of 

twenty athymic mice, Fifteen tumor-bearing mice with relative similar sizes of tumors were 

selected at day 8 after tumor cell injection and randomly grouped into three groups. The 

mice were then treated with solvent (control, n=5), and F5446 at 5 (n=5) and 10 mg/kg 

(n=5) body weight, respectively, by intraperitoneal injection every two days for 10 times. 

Shown are tumor images at the end of the experiment. B. Tumor growth was monitored over 

time and shown in A. To examine whether growth of tumor size over 26 days between 

F5446 doses differed, a repeated-measures mixed model was used with a Kenward-Rodger 

adjustment to the denominator degrees of freedom and an unstructured correlation matrix to 

model the correlation within animal between measurement days. C. The tumor size and 

weight at the end of the experiment were quantified. To determine differences in tumor size 

and weight at the end of the experiment between control and treatment groups, one-way 

ANOVA was used with a Tukey-Kramer multiple comparison test if the overall F-test was 

statistically significant. The p values are shown at the top. D. SW620–5FUR cells (2.5 × 106 

cells/mouse) were injected subcutaneously into the right flanks of fifteen athymic mice, The 

tumor-bearing mice were randomly grouped into three groups. The mice were then treated as 

in A. E. Tumor growth was monitored over time and shown in D. Tumor growth kinetics 
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were analyzed by statistical tools as in B. The p value is shown at the right. F. The tumor 

size and weight at the end of the experiment were quantified. The differences in tumor size 

and weight at the end of the experiment were analyzed as in C. The p values are shown at 

the top.
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