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cell-like colorectal cancer cells and exhibited a relatively higher lysine 9-specific methyltransferase, increased the expression of
expression of core TFs than other stem cell-like colorectal cancer = KRT20, FABPI, FABP2, and CEACAMS5, which are markers
cell lines (Supplementary Fig. S5C). We confirmed knockdown after  of differentiated colonic epithelial cells, and reduced expression of
transfection of the siRNAs and 48-hour incubation in differentia- MYC (Fig. 3A). Consistent with the reduction in MYC expression,
tion medium (Supplementary Fig. S5D). Of the eight chromatin-  the cell proliferation rate was markedly reduced upon SETDBI
modifying enzymes tested, knockdown of SETDBI, a histone H3  knockdown (Fig. 3B).

Figure 3.

Identification of a chromatin regulator that hinders transcriptional activity of the core TFs. A, Transcript analysis by gRT-PCR of gene expression in Caco2 with each
siRNA transfection. Graph bars are cells grown in control medium, and red are cells grown in differentiation medium (n = 3, mean 4+ SEM) B, Percent growth over time
in Caco?2 after transfection with the indicated siRNAs. C, Schematic for the experiments with retrovirus-mediated transduction. D, Flow cytometry data showing
KRT20 abundance (x-axis) and forward-scattered light (FSC; y-axis; n = 3). E, IF of KRT20 (red) and Ki-67 (green) with DAPI nuclear counterstain (blue). Scale bar,
50 um. F, Quantification of Ki-67-positive cells in low-magnification confocal IF images across 10 fields to 20 fields for each group (mean + SEM). G, Percent growth
of three cell lines after SETDBT knockdown (n = 3, mean + SEM). H, Colony-forming assay over 14 days. Data are representative of three independent experiments
(*, P < 0.05; **, P < 0.01; and ***, P < 0.001).
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Single-cell RNA-seq analysis showed higher expression of SETDBI
in stem cell-like cancer cells than in normal stem cells (Supplementary
Fig. S5E and S5F), and significant correlation of each PC1 value of
colon-, ISC-, and ESC-specific genes with SETDBI expression (Sup-
plementary Fig. S5G-S5I). A previous IHC study also reported that
SETDBL is only expressed in colorectal cancer but not in adjacent
normal colon tissues (43). The expression of SETDBI was also
correlated with poor prognosis, especially for disease-free survival
(Supplementary Fig. S5]). Furthermore, the prognosis was particularly
poor for those patients with low gene set enrichment score of colon-
specific genes and high SETDBI expression (Supplementary Fig. S5K).

SETDBI1 depletion induces terminal differentiation of stem-like
colorectal cancer cells into postmitotic cells

Because cellular reprogramming requires several days, we per-
formed prolonged depletion of SETDBI by retroviral-mediated
shRNA interference (Fig. 3C; Supplementary Fig. S6A). We also tested
the effect of SETDBI depletion in the stem cell-like colorectal cancer
cell lines, HCT116 and SW480, in which we overexpressed all five core
TFs (Supplementary Fig. S6C), because these cells had lower expres-
sion of the core TFs than do Caco2 cells (Supplementary Figs. S5C and
S6B). Using flow cytometry analysis, we assessed the effect of SETDBI
depletion on the cell differentiation status using the abundance of
KRT20 as a marker of differentiated colon cells (10). SETDBI depletion
increased the KRT20" cell population in Caco2, as well as in TF-
overexpressing HCT116 and SW480 cells (Fig. 3D). Of note, con-
comitant SETDBI depletion and overexpression of the core TFs
synergistically induced KRT20™ cell population to 57.1% of HCT116
cells which originally had very few KRT20™ cells (Fig. 3D). We sorted
the cells based on the abundance of KRT20 and analyzed the transcript
abundance from genes indicative of normal colon epithelial cells.
These transcriptional markers were highly increased in KRT20™" cells
and also moderately increased in KRT20™ cells (Supplementary
Fig. S6D), suggesting that SETDBI depletion profoundly restores
normal-like gene expression profiles even in KRT20™ colorectal cancer
cells. To characterize phenotypic properties of differentiated normal-
like cells, we performed IF analysis using antibodies against KRT20
and Ki-67 (a marker of cell proliferation). We observed that most
KRT20" cells in all three cell lines appeared Ki-67 negative (Fig. 3E
and F; Supplementary Fig. S6E), indicating that the differentiated cells
are not actively proliferating. At the population level, the proliferation
rate was remarkably decreased (Fig. 3G), and most cells remained in
postmitotic states in long-term culture (Fig. 3H). Taken together, the
results showed that SETDBI knockdown in colorectal cancer cell lines
expressing the five core TFs effectively induces a differentiated post-
mitotic state from cells with a stem cell-like phenotype.

SETDBI1 depletion recapitulates the function of core TFs and
restores the normal colon-specific gene expression profile in
colorectal cancer cells

To determine whether SETDBI1 depletion produced a global gene
expression profile like that of normal differentiated colon cells, we
performed single-cell RNA-seq and bulk RNA-seq analysis. For single-
cell RNA-seq analysis, we used Caco2 cells transduced with shSETDB1
and shScramble, and we obtained 453 cells and 654 cells, respectively
(Fig. 4A). We found that a single differentiation trajectory resulted
from SETDBI depletion (Fig. 4B; Supplementary Fig. S7A), and that
the colon-specific gene expression increased cellular differentiation
progressed, whereas both ISC- and ESC-specific gene expressions
decreased (Fig. 4C and D; Supplementary Fig. S7B-S7D). The bulk
RNA-seq data also showed that SETDBI depletion reinstates the global
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gene expression of normal colon mucosa across the three cell lines
(Fig. 4E and F; Supplementary Fig. S8A and S8B). In addition, we
found that intestinal differentiation signature genes are profoundly
upregulated in SETDBI-downregulated cells, whereas ISC signature
genes and Wnt signaling signature genes are downregulated (Supple-
mentary Fig. S8C). We also found that the expression level of
E-cadherin as well as ZO-1 and ZO2 is upregulated upon SETDB1
depletion, suggesting that reestablishment of normal colon gene
expression programs includes restoration of an epithelial cell state
(Supplementary Fig. S8D). The expressions of target genes of the five
core TFs were also increased (Supplementary Fig. S7E-S7H). SETDB1
mediates the trimethylation of histone H3 lysine 9 (H3K9me3) and
promotes transcriptional suppression of its target genes. To examine
the H3K9me3 level at the promoter loci of the key differentiation
genes, we performed ChIP-qPCR analysis. We found that the
H3K9me3 levels at the promoter loci of KRT20, FABP1, and
E-cadherin are decreased upon SETDBI depletion (Fig. 4G). It implies
that the core TFs might restore their transcription function at their
target genes due to the chromatin rearrangement mediated by SETDB1
downregulation. Also noteworthy, numerous TFs previously known to
regulate colon differentiation such as KLF4 (44), SATB2 (45), and
PRDMI1 (46) were reactivated upon SETDBI depletion, whereas the
TFs that regulate proliferation and stemness such as TCF3 (47) and
FOXM1 (48) were significantly inactivated (Fig. 4H).

SETDBI is highly expressed in poorly differentiated cells in
human colorectal cancer, and its depletion induces cellular
differentiation of patient-derived colon cancer organoids

To examine potential clinical implications, we performed IHC for
SETDBI on tissue microarrays of patients with human colorectal
cancer. We discovered that SETDBI is increased in cancer cells
compared with that in normal cells (Fig. 5A). Moreover, we found
that SETDBI is highly expressed in poorly differentiated colorectal
cancer cells that lose conventional gland-forming histology (Fig. 5A).
Indeed, the prognosis of patients who have cancer cells with high
SETDBI expression showed significantly worse than those who have
cancer cells with relatively low SETDBI expression (Fig. 5B).

To evaluate the function of SETDBI in human colon cancer
organoids, we established patient-derived colon cancer organoid lines
and assessed the effect of SETDBI depletion. SETDBI-depleted cancer
organoids exhibited differentiated morphology contrary to spheroid-
like morphology of typical colon cancer organoids (Fig. 5Cand D). We
also found that these SETDBI-depleted organoids with differentiated
morphology have an increased number of KRT20" cells compared
with control organoids (Fig. 5E). Together, these data suggest that the
ablation of SETDBI can override the oncogenic dedifferentiation
process in colorectal cancer and successfully redifferentiate cancer
cells into normal-like cells.

Discussion

The observation of sudden loss of tumorigenicity in malignant
cancer has been sporadically reported (49-51). Such observation often
corresponded to cellular differentiation or transdifferentiation in
which cancer cells spontaneously convert into postmitotic normal-
like cells. Although the loss of tumorigenicity upon terminal differ-
entiation has a great potential as a new anticancer therapy, the
application of differentiation therapy has been restricted to only acute
promyelocytic leukemia (52). This is primarily because the solid cancer
has more complex mechanism of differentiation than leukemia (53).
With the progress of computational frameworks to direct
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Global gene expression of colorectal cancer cells converted to differentiated normal-like cells. A, Scatter plot showing the first dimension of LLE constructed by
SLICER for Caco2 cells. Points are colored by sample types. B, Imputed gene expression level of SETDBI. C, Scatter plot with smoothened profiles of PC1of each state-
specific gene set. D, Scatter plots colored by state-specific gene set expression. E, Bulk RNA-seq data with PC1 of colon-specific genes (x-axis) and PC1 of ESC-specific
genes (y-axis) are shown. GEO-paired dataset and in vitro samples are shown with different shapes. Except for shScramble-naive sample, all in vitro samples were
cultured in differentiation condition. F, GSEA on bulk RNA-seq data with colon-specific genes defined by Human Protein Atlas (top), ESC-specific genes defined by
Wong and colleagues (ref. 3; middle), and ISC defined by Liand colleagues (ref. 38; bottom). G, ChIP-gPCR analysis of H3K9me3 at the promoter loci of KRT20, FABP1,
E-cadherin, and MUC2 in Caco2 cells. The relative amounts of immunoprecipitated DNA are depicted as a percentage of input DNA (n = 3, mean + SEM).
H, Normalized enrichment scores (NES) of all TFs calculated using the VIPER algorithm are presented in a rank-order. NES was calculated on the basis of GEO-paired
normal GRN and DEGs between unsorted cells and sorted KRT20™ cells in Caco2 (top), HCT116 (middle), and SW480 (bottom) cell lines, respectively.
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shSETDB1

Expression of SETDBT in colorectal cancer tissues and cellular differentiation of patient-derived colon cancer organoids upon SETDBT depletion. A, Hematoxylin and
eosin (H&E) staining (left) and IHC staining of SETDBI (right). Scale bar, 200 um. B, Kaplan-Meier analysis of overall survival (n = 248, the number of samples of
SETDBT high = 48, the number of samples of SETDB1 low = 200, P = 3.66e-05) and disease-free-survival (n = 249, the number of samples of SETDB1 high = 48, the
number of samples of SETDB1 low = 201, P = 2.37e-05) with SETDB1 expression. Samples were dichotomized into high and low according to the presence of
cancer cells which exhibit very high expression of SETDB1. C, SETDBT mRNA level was measured by gRT-PCR in human colon cancer organoids. Lentiviral
infection of shScramble and shSETDB1 was proceeded with puromycin (2 pug/mL) selection, and stable knockdown organoids were maintained for 2 weeks
(P =0.0102). D, Phase contrast images of stable knockdown organoids. Two-hundred cells per well in 48-well plates were cultured for 8 days. Scale bar, 200 pm
(left) and 50 pum (right). E, IF of KRT20 with DAPI nuclear counterstain. Scale bar, 50 um.

reprogramming (11-13), we explored a systems approach to identify
causal factors that can induce normalizing transitions of cancer cells.
In our study, we discovered the factors using a network-based infer-
ence approach and demonstrated that SETDBI constitutes an epige-
netic barrier against colorectal cancer differentiation by impeding the
function of lineage-specifying TFs of normal colon epithelial cells.
Both bulk RNA-seq and single-cell RNA-seq analyses revealed that,
upon SETDBI depletion, colon-specific genes regulated by the master
regulators CDX2, ELF3, HNF4G, PPARG, and VDR are reactivated,
and stem cell-associated genes are suppressed. Such restoration of a
normal gene expression profile effectively reestablished the postmi-
totic state in malignant colorectal cancer cells.

Previous studies reported that SETDBI contributes to suppression
of genes encoding lineage-specifying regulators in ESCs (54) and
melanoma (55), supporting our discovery. These studies demonstrated
that SETDB1 mediates H3K9 methylation on differentiation-
associated genes such as HOX genes, preventing ESCs and melanoma
cells from differentiation. We also found that the transcriptional
activity of some HOX genes is reactivated upon SETDBI depletion,
but the colon-specific TFs, including the five core TFs, KLF4, and
SATB2 are more evidently reactivated (Fig. 4F). Thus, the detailed
mechanism of SETDBL in colorectal cancer as well as in other cancer
types should be examined in a further study.

AACRJournals.org

It is noteworthy that SETDB1 would be an effective therapeutic
target for eradicating cancer stem cells because it is upregulated in
colorectal cancer stem-like cells but not in normal stem cells
(Supplementary Fig. S6E). In colorectal cancer, the absence of
distinguishing characteristics of cancer stem cells compared with
normal stem cells makes it difficult to selectively ablate cancer stem
cells without damages on normal stem cells. In addition, cancer
stem cells are known to have strong drug resistance to anticancer
drugs; thereby, current chemotherapy drugs have a limited effect in
treating them. Our experiment shows that SETDB1 depletion
combined with cytotoxic drugs might also be potentially beneficial
to anticancer treatment (Supplementary Fig. S8E and S8F). In this
regard, inducing differentiation through SETDBI depletion may
provide a promising therapeutic strategy for colorectal cancer.
Taken together, our results highlight not only the possibility of
reverting colorectal cancer cells into normal-like postmitotic cells
by restoring the tissue-specific gene expression program, which
represents a therapeutic intervention that might overcome current
limitations of cancer therapy, which mostly focuses on inducing
cancer cell apoptosis.
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