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The gut fermentation product butyrate displays anti-cancer
properties in the human proximal colon, including the ability
to inhibit proliferation and induce apoptosis in colorectal cancer
(CRC) cells. A natural histone deacetylase inhibitor (HDACi),
butyrate can alter histone acetylation patterns in CRC cells,
and thereby regulate global gene expression, including the
non-coding transcriptome and microRNAs (miRNAs). Dysre-
gulated miRNA expression affects CRC development and pro-
gression; however, the interplay between miRNA activity and
butyrate response remains to be elucidated. A high-throughput
functional screen was employed to identify miRNAs that can act
as enhancers of the anti-cancer properties of butyrate. Valida-
tion studies confirmed that several miRNAs, including miR-
125b, miR-181a, miR-593, and miR-1227, enhanced apoptosis,
decreased proliferation, and promoted cell-cycle arrest in the
presence of butyrate. Pathway analyses of predicted miRNA
target genes highlighted their likely involvement in critical
cancer-related growth pathways, including WNT and PI3K
signaling. Several cancer-associated miRNA targets, including
TRIM29, COX2, PIK3R3, CCND1, MET, EEF2K, DVL3, and
NUP62 were synergistically regulated by the combination of
cognate miRNAs and butyrate. Overall, this study has exposed
the potential of miRNAs to act as enhancers of the anti-cancer
effects of HDAC inhibition and identifies specific miRNAs
that might be exploited for therapeutic benefit.

INTRODUCTION
Colorectal cancer (CRC) is the second most common cause of cancer-
related deaths worldwide.1 A small number of CRC cases are attributed
to genetic factors; however, most cases develop sporadically and are
associatedwith environmental factors such as diet.2 Epigenetic changes,
including altered DNA methylation patterns, histone modifications,
and aberrant expression of non-coding RNAs, such as microRNAs
(miRNAs), play a crucial role in CRC development and progression.3-5

The consumption of dietary fiber, particularly resistant starch, has
been shown to be beneficial in the gut, in part due to its role in the
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microbial production of the chemopreventive molecule butyrate.
Butyrate accumulates in the colon at concentrations exceeding
20 mM,6 where it serves as a primary energy source for normal colo-
nocytes and is a histone deacetylase inhibitor (HDACi) with the abil-
ity to maintain healthy colonic epithelial cells by regulating cell
growth and differentiation.7 Paradoxically, butyrate has also been
shown to eliminate CRC cells through the inhibition of cell prolifer-
ation and promotion of apoptosis and differentiation.8,9 Butyrate ex-
erts these anti-cancer properties by altering histone acetylation pat-
terns and inducing changes in cell-cycle-related protein-coding and
non-coding gene expression, including miRNA expression.10-12

miRNAs have been shown to play a vital role in the initiation, pro-
gression, andmetastasis of many cancers,13,14 and there is growing in-
terest in the role that miRNAs play in the butyrate-mediated inhibi-
tion of CRC cells. miRNAs are endogenous, short non-coding RNAs
with the ability to post-transcriptionally regulate gene expression
through gene silencing. Butyrate and miRNAs can regulate similar
cell growth and death signaling pathways, suggesting that butyrate
may mediate its anti-cancer effects partly through miRNA regulation
or in collaboration with miRNAs.

miRNA profiling demonstrated that butyrate can modulate the
expression of many miRNAs and specific oncogenic miRNA clusters,
including themiR-17-92 cluster.15 The well-known oncogenic cluster,
miR-17-92, has a key role in the regulation of proliferation, angiogen-
esis, differentiation, and apoptosis in CRC, and dysregulation of this
cluster can contribute to CRC development and progression.16,17

Exposure of CRC cells to butyrate reduced expression of miR-17-92
cluster members, including miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1, and miR-92a-1, thereby resulting in increased expression
of key tumor-suppressor target genes PTEN, BCL2L11, and
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CDKN1A.15,18 Furthermore, miR-18a was shown to enhance the anti-
proliferative and pro-apoptotic properties of butyrate when overex-
pressed in CRC cells, acting counter to other cluster members.19

Recently, a systems biology approach uncovered a novel butyrate-
regulated RNA-interaction network and several miRNAs with the
ability to enhance the anti-cancer properties of butyrate in CRC
cells.20

Previous research indicates an important role for miRNAs in the
butyrate response; however, comprehensive understanding of the
butyrate-sensitizing capabilities of miRNAs is still lacking. In this
study, a high-throughput functional screen was employed to reveal
miRNA-mediated enhancement of the anti-cancer properties of buty-
rate. Validation experiments revealed that several key miRNA:mRNA
pairs were involved in the butyrate sensitization of CRC cells through
the regulation of crucial cell growth signaling pathways. These data
highlight the value of high-throughput approaches in revealing novel
molecular interactions involved in the growth and survival of CRC
cells. Understanding these interactions may also identify novel ther-
apeutic targets.

RESULTS
Systematic identification of butyrate-sensitizingmiRNAs in CRC

cells

To systematically identify miRNAs with the ability to enhance the
anti-cancer properties of butyrate in CRC cells, a high-throughput
functional miRNA screen was performed at the Victorian Centre
for Functional Genomics (Figure 1). HCT116 cells were transfected
with a library of 1,280 miRNA mimics and then cell viability and
apoptosis were determined in the presence and absence of butyrate.
They were treated with a 2.5 mM sublethal dose of butyrate, which
reduces cell proliferation by only 20% over 72 h. This concentration
was selected to enable the exploration of miRNAs that enhanced the
anti-proliferative properties of butyrate. Reproducibility between
screen replicates was good with Pearson correlation coefficients
r = 0.66, 0.68, 0.86, and 0.76 for untreated and butyrate-treated
viability and apoptosis data, respectively (Figure S1). Fifty-seven
miRNA mimics provided a synergistic response with butyrate, as
defined by enhancing the butyrate-mediated reduction in prolifera-
tion by >25% with a Z score >2 (see section “materials and
methods”). Of the 57 miRNA mimics that reduced proliferation,
13 (�1% hit rate) also had the ability to enhance the pro-apoptotic
effects of butyrate and were hence selected for further validation
(Table S1).

miRNAs enhance the anti-proliferative effects of butyrate in

HCT116 CRC cells

The ability of the 13 selected miRNA mimics to enhance the effect of
butyrate on CRC cell proliferation was validated using an xCelligence
real-time cell analysis system (Figure 2). Butyrate treatment
alone reduced HCT116 cell proliferation by approximately 2-fold
compared with untreated cells in the negative control (NC) transfec-
tion condition. A subset of miRNAmimics including miR-29b, -125b,
-181a, -509, -593, -1227, -1265, -3151, and -4252 significantly reduced
cell proliferation alone, i.e., in the absence of butyrate (Figures 2A–2F,
2I, 2J, and 2M). In contrast, miR-1231, -1256, -3179, and -3654 had
no significant effect on cell proliferation in the absence of butyrate
(Figures 2G, 2H, 2K, and 2L). All 13 miRNA mimics significantly
decreased proliferation in combination with butyrate, consistent
with screen results. Based on the coefficient of drug interaction
(CDI) values (Table S2), nine out of 13 miRNAs displayed signifi-
cantly synergistic behavior when combined with butyrate; these
were miR-29b, -125b, -181a, -509, -1227, -1256, -1265, -3179, and
-3654. The remaining four miRNAs (miR-593, -1231, -3151, and
-4252) also had an apparent synergistic effect, but their CDI values
were not statistically significant. Of these miRNAs, none had an ad-
ditive or antagonistic effect when combined with butyrate.

miRNAs induce apoptosis in combination with butyrate

The ability of the 13 selected miRNA mimics to enhance the effect of
butyrate on CRC cell apoptosis was validated using a live-cell imaging
system (Incucyte FLR) to detect changes in caspase activity (Figure 3).
Butyrate alone increased the proportion of apoptotic cells by over
2-fold compared with untreated NC transfected controls. Of the 13
miRNAs mimics individually transfected into HCT116 cells, seven
significantly induced apoptosis alone; i.e., in the absence of butyrate.
These were miR-125b, -593, -1227, -1231, -1265, -3179, and -4252
(Figures 3B, 3E–3G, 3I, 3K, and 3M). The remaining six mimics
had little effect alone. Eleven individual miRNA mimics promoted
apoptosis in combination with butyrate; these were miR-29b, -125b,
-181a, -509, -593, -1227, -1231, -1256, -1265, -3179, and -4252
(Figures 3A–3I, 3K, and 3M). There was no significant combinatorial
effect for miR-3151 or -3654.

Selecting miRNA mimics for validation

The CDI values for miRNA-butyrate combinations in proliferation
assays were used to refine the hit list for further validation. miR-
1227 had the lowest CDI value at 0.19, followed by miR-125b at
0.40 and miR-181a at 0.43 (Table S2). Accordingly, these miRNAs
were prioritized for further analysis. The three miRNAs are expressed
in the colorectum in both normal and adenocarcinoma tissues (Fig-
ure S3). Although miR-593 was not considered synergistic with buty-
rate, nor was it identified in the TCGA RNA-seq dataset; alone it had
the most potent ability to decrease growth when comparing miRNA
transfected cells to NC transfected controls (Figure 2E). Based on this
potent anti-proliferative effect, miR-593 was also selected for further
characterization.

Butyrate-sensitizing miRNAs regulate cell viability and death in

CRC cells

To further explore the ability of miRNAs and butyrate to regulate cell
viability and programmed cell death, these changes were examined
using flow cytometry. In the absence of butyrate, the miRNA mimics
showed no significant effect on the percentage of viable cells (Fig-
ure 4A), in contrast to observations from the real-time cell analyses.
However, when comparing miRNA with NC transfection conditions
in combination with butyrate treatment, miR-125b, miR-593, and
miR-1227 were found to significantly enhance the ability of butyrate
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Figure 1. Unbiased high-throughput functional screen in CRC cells

(A) Functional miRNA screen experimental workflow. Library plates containing 1,280 miRNA mimics were distributed to A plates. An individual A plate was used to transfer

miRNAmimics, DharmaFECT 2 lipid andOpti-MEM to corresponding B, C, and D plates during reverse transfection at 0 h. Amedium changewas performed at 24 h, followed

by 2.5 mM butyrate treatment at 48 h to plates C and D. The Apolive-Glo Multiplex assay for proliferation and apoptosis was performed at 72 h post transfection. A summary

of the screen results in HCT116 cells. (B) Flow chart of screen hit selection criteria. (C) The y axis indicates cell titer fluor (CTF) values normalized to the NC (OTP-NT) and the x

axis indicates NCs (mock, ON-TARGETplus [OTP-NT]), positive mimic control (miR-18a), and positive death controls (siPLK1, siTOX). (D) The y axis indicates caspase activity

normalized to OTP-NT and the x axis indicates individual mimics, either Z score or positive fold change.
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to reduce the fraction of viable cells (Figures 4A and S2).When exam-
ining apoptosis at early and late stages, only miR-593 induced
apoptosis alone (in the absence of butyrate), but this was only signif-
icant at the early apoptosis stage. Both miR-593 and miR-1227 signif-
icantly enhanced the pro-apoptotic activity of butyrate when assessed
at both the early and late stages. miR-125b also enhanced the pro-
apoptotic effect of butyrate when assessed at the late stage. Overall,
these data are broadly consistent with data generated using the
real-time cell analysis platforms, and further support the synergistic
effects of selected miRNAs with butyrate.

CRC cell lines display considerable functional heterogeneity in part
due to different driver mutations, thus it was important to test the ac-
tivities of butyrate-sensitizing miRNAs in a second cell line with a
32 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
different mutational status. HCT116 cells harbor wild-type (WT)
TP53 and BRAF genes, and mutant CTNNB1, PIK3CA, and
KRAS.21 Alternatively, LIM1215 cells contain WT PIK3CA, KRAS,
BRAF, and TP53 and mutant CTNNB1.22 A normal human foreskin
fibroblast cell line (HFF) was used to assess the effects of miRNAs and
butyrate on survival of noncancerous cells.

Butyrate alone reduced LIM1215 cell viability by approximately 20%
and induced an approximately 2-fold increase in the number of
apoptotic cells (Figures S4A and S4B). All miRNAs, except miR-
125b, were able to reduce cell viability independently of butyrate,
with miR-181a showing the greatest effect. All miRNAs also induced
apoptosis in the absence of butyrate. All miRNAs, except miR-125b,
enhanced the ability of butyrate to reduce cell viability. miR-1227 had



(legend on next page)
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the greatest ability to sensitize CRC cells to butyrate. Overall, these ef-
fects are generally consistent with those observed in HCT116 cells.

HFF cell viability was not significantly reduced by any miRNAmimic
or by butyrate, alone or in combination. Unexpectedly, the combina-
tion of miR-1227 and butyrate slightly but significantly increased
viable HFF cells (Figure S4C). All miRNAs alone significantly
increased HFF apoptosis, but butyrate had little or no modulatory ef-
fect on this response (Figure S4D).

Butyrate-sensitizing miRNAs modulate the cell cycle in CRC

cells

miRNAs were further investigated for their effects on the cell cycle,
alone and in combination with butyrate, using flow cytometry
(Figures 4B and S5). Both miR-593 and miR-1227 alone significantly
increased the percentage of cells in the G0/G1 phase. In the presence
of butyrate, miR-1227 significantly reduced the percentage of cells in
the G0/G1 phase, while, conversely, miR-593 increased cells in this
phase. miR-181a alone slightly, but significantly, increased the per-
centage of cells in the S phase; however, the combination of butyrate
and miR-181a resulted in �85% reduction in this phase compared
with the butyrate-treated control. Furthermore, miR-593 and buty-
rate combination treatment significantly reduced the percentage of
cells in the S phase by over 90%, while miR-1227 doubled the percent-
age of cells in S phase in the presence of butyrate. Notably, the com-
bination of butyrate and miR-181a or miR-593 significantly increased
the percentage of cells in G2/M. These data suggest that cell-cycle
regulation does play a role in miRNA-mediated butyrate sensitization
of CRC cells, partly through blocking of cells in S and G2/M phases,
and may contribute to the observed proliferative changes.

WNT and PI3K signaling are key growth pathways involving

predicted miRNA target genes

To identify cell growth or death signaling pathways involved in the
miRNA-mediated butyrate sensitization of CRC cells, likely mRNA
targets of miR-125b, miR-181a, miR-593, and miR-1227 were identi-
fied using the miRWalk target prediction platform to collate data
from several programs (Figure 5A). To refine target gene lists, only
those with hits in four or more programs were selected. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) functional pathway analysis
revealed enrichment in the “pathways in cancer” and “microRNAs in
cancer” terms within the set of predicted targets for the butyrate-
sensitizing miRNAs (Figure 5B). More specifically, the target gene
sets were highly enriched for components of the WNT and PI3K
signaling pathways within the term “pathways in cancer.” As many
targets were predicted, literature review was used to further refine
the list by identifying genes previously reported to be involved in pro-
moting cell proliferation and inhibiting apoptosis in CRC and other
Figure 2. miRNAs enhance the anti-proliferative effects of butyrate in CRC cel

Left: (A–M) real-time cell index measurements using the xCELLigence RTCA platform,

2.5mMbutyrate at 48 h. Cells were analyzed at 72 h post transfection. Right: (A–M) Stati

and NC (2.5 mM) versus miRNA mimic (2.5 mM) at 72 h post transfection. The mean ±

***p < 0.001, ****p < 0.0001. NC, NC mimic.
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cancers. This resulted in a list of 11 predicted target genes that were
considered relevant to the chemoprotective effects of miR-125b,
miR-181a, miR-593, and miR-1227. To validate these genes as
miRNA targets, their expression was measured by RT-PCR in
HCT116 cells after transfection with the cognate miRNA mimic,
with or without butyrate treatment (Figure 5C).

Two predicted targets of miR-125b, TRIM29 and ZEB1, were exam-
ined. miR-125b mimics significantly reduced levels of TRIM29 by
�2-fold in the absence of butyrate. In contrast, butyrate alone signif-
icantly increased TRIM29 transcripts, andmiR-125bmimics were not
repressive under butyrate conditions. ZEB1 was not inhibited by the
miR-125b mimics, but it was induced by butyrate. Four predicted tar-
gets of miR-181a were examined: COX2, FZD4, LRP6, and PIK3R3.
miR-181a mimics significantly decreased mRNA levels of COX2
(�2-fold), FZD4 (�1.3-fold), and PIK3R3 (�1.3-fold), whereas they
slightly but significantly increased LRP6 transcript levels (�1.2-
fold). Butyrate alone induced the expression of all four genes, and
miR-181b mimics were not repressive under butyrate conditions,
except marginally for FZD4. Interestingly, the combination of miR-
181a mimics and butyrate increased transcript levels of three of the
four genes (COX2, LRP6, and PIK3R3) more than butyrate alone.

Five predicted targets of miR-593 were examined: CCND1, EEF2K,
ERBB2, MET, and PAK2. miR-593 mimics significantly decreased
the transcript levels of CCND1 (�3-fold), EEF2K (�1.7-fold), and
MET (�1.5-fold). Butyrate alone was strongly repressive of all five
of these target genes. The combination of miR-593 mimics with buty-
rate did not greatly alter the butyrate response, although, for EEF2K,
the combination was slightly more repressive than butyrate alone.
Three predicted targets of miR-1227 were examined: DVL3,
NUP62, and PIK3R3. miR-1227 mimics significantly decreased
expression of DVL3 (�1.2-fold) and NUP62 (�1.8-fold), but not
PIK3R3. Butyrate alone moderately repressed DVL3 and more
strongly repressed NUP62; however, it induced PIK3R3 expression.
The combination of miR-1227 mimics and butyrate did not alter
butyrate response of DVL3 and NUP62, but the mimics did signifi-
cantly inhibit the butyrate-mediated induction of PIK3R3 transcript
levels. Overall, these data identified several genes that may be targets
of the miRNAs under study, including TRIM29 (miR-125b); COX2
and PIK3R3 (miR-181a); CCND1, MET, and EEF2K (miR-593); and
DVL3 and NUP62 (miR-1227).

Protein expression of predicted target genes is reduced by

miRNA and butyrate in combination

To further validate the potential miRNA targets identified through
mRNA expression analysis (Figure 5C), their protein levels were
examined by immunoblotting after transfection of HCT116 cells
ls

in HCT116 cells transfected with butyrate-sensitizing miRNAs treated with 0 mM or

stical results from unpaired t tests comparing NC (0mM) versusmiRNAmimic (0mM)

SEM of n = 4 is shown. Significant results are indicated by *p < 0.05, **p < 0.01,



Figure 3. miRNAs enhance the pro-apoptotic effects of butyrate in CRC cells

Normalized caspase activity, using the Incucyte FLR platform, representing apoptosis in HCT116 cells transfected with butyrate-sensitizing miRNAs treated with 0 mM or

2.5mMbutyrate and CellPlayer 96-well caspase 3/7 reagent at 48 h post transfection (A–M). Statistical analysis including unpaired t tests comparing NC versusmiRNAmimic

(untreated) and NC versus miRNA mimic (both 2.5 mM). The mean ± SEM of n = 4 is shown. Significant results are indicated by *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. NC, NC mimic.
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with miRNA mimics, alone and in combination with butyrate (Fig-
ure 6). Data showing normalization of protein levels are provided
in Figure S5. TRIM29 is a proposed target of miR-125b. Neither
miR-125b mimics nor butyrate alone altered TRIM29 protein levels;
however, the combination of miR-125b and butyrate significantly
reduced TRIM29 protein. This result differs from the effects of these
epigenetic regulators on TRIM29mRNA levels, where butyrate alone
and in combination with the mimic increased expression. COX2 and
PIK3R3 are proposed targets of miR-181a. Transfection of miR-181a
mimics alone significantly reduced protein levels of PIK3R3, but not
COX2. Notably, COX2 had relatively low protein levels in HCT116
cells. Butyrate alone did not alter PIK3R3 protein levels, and the
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 35
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Figure 4. Butyrate-sensitizing miRNAs regulate programmed cell death and the cell cycle

(A and B) Flow cytometry analysis of apoptosis and cell cycle in miRNA transfected HCT116 cells after 24 h of butyrate treatment. Bar charts showing (A) viability and

apoptosis or (B) cell-cycle analysis of HCT116 cells reverse transfected with miRNA mimics miR-125b, miR-181a, miR-593, and miR-1227 for 48 h, followed by 24 h of

treatment with 0 mM or 2.5 mM butyrate. Cells were analyzed at 72 h post transfection. The mean ± SEM of three replicate wells is shown. Significant results are indicated by

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NC, NC mimic.
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Figure 5. miRNA target gene identification

(A–C) (A) Flow chart describing miRNA target gene selection. (B) Functional enrichment analysis. Bar plot depicts the top 10 enriched biological pathways using KEGG, as

identified after performing ShinyGO enrichment analysis with miR-125b, miR-181a, miR-593, andmiR-1227 predicted target genes. The y axis represents the pathway term,

and the x axis represents the enrichment significance (�log10 p value), respectively. (C) Real-time RT-PCR analysis of miRNA predicted target gene mRNA levels in HCT116

cells after 24 h of butyrate treatment. miR-125b, TRIM29 and ZEB1; miR-181a, COX2, FZD4, LRP6, and PIK3R3; miR-593, CCND1, EEF2K, ERBB2,MET, and PAK2; miR-

1227, DVL3, NUP62 and PIK3R3 in HCT116 cells treated with 0 mM or 2.5 mM butyrate for 24 h, over a 72-h post-transfection period. The mean mRNA levels ± SEM of five

replicates is represented and their expression is normalized to the geometric mean of three reference genes, ACTB, B2M, andGAPDH. Significant values are indicated by *p

<.05, **p <.01, ***p <.001, ****p <.0001. NC, NC mimic.
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Figure 6. Protein expression changes of miRNA predicted targets

(A and B) (A) Western blots of HCT116 cells transfected with miR-125b, miR-181a, miR-593, miR-1227 or NC mimics for 48 h, followed by 24 h of treatment with 0 mM or

2.5 mM butyrate. Cells were analyzed at 72 h post transfection. (B) The protein fold change (intensity) of bands ± SEM of the triplicates is represented for relative protein

quantification, and the levels normalized to total protein loaded (Figure S5). All significant results are indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NC, NC

mimic.
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combination of butyrate and miR-181a resulted in no further reduc-
tion in PIK3R3 protein levels compared with miRNA alone. Butyrate
alone decreased COX2 protein levels, and the combination of buty-
rate and miR-181a did not significantly alter the PIK3R3 protein
levels relative to butyrate alone. CCND1, EEF2K, and MET are pro-
posed targets of miR-593. All three proteins showed reduced levels af-
ter transfection of miR-593 mimics alone. Levels of all three proteins
were also reduced by butyrate alone. Moreover, for both EEF2K and
MET, the combination of miR-593 and butyrate significantly
decreased protein levels to a greater extent than either miR-593 or
butyrate alone. These data are broadly consistent with mRNA level
data and confirm all three genes are miR-593 targets that are also
repressed by butyrate. DVL3 and NUP62 are proposed targets of
miR-1227. Transfection of miR-1227 mimics alone significantly
reduced NUP62 protein levels, while DVL3 appeared slightly reduced
but the response was not significant. Butyrate alone significantly
reduced protein levels of DVL3; moreover, the combination of
miR-1227 and butyrate significantly decreased protein levels to a
greater extent than either miR-1227 or butyrate alone. In contrast,
there was no cooperative effect of miR-1227 and butyrate in regula-
38 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
tion of NUP62 protein levels. Again, these data are broadly consistent
with the mRNA level data shown in Figure 5 and support DVL3 and
NUP62 being miR-1227 targets.

RNA interference of DVL3 and PIK3R3 mimics upstream miRNA

activities

DVL3 and PIK3R3 are known to be involved in important pro-pro-
liferative pathways. To determine whether these genes may be
involved in the inhibitory effects of miRNAs and butyrate on CRC
cell proliferation, HCT116 cells were transfected with DVL3,
PIK3R3, or control (NC) small interfering RNAs (siRNAs), and
treated with or without butyrate. The knockdown efficiency for
DVL3 was determined to be �80% and PIK3R3 �73% (Figure 7A).
DVL3 knockdown alone did not have a significant effect on prolifer-
ation. Butyrate alone reduced cell proliferation by �2-fold as ex-
pected. The combination of butyrate and DVL3 knockdown was
slightly but significantly more inhibitory than butyrate alone, with
the CDI calculation indicating a weakly synergistic effect at 0.91
(Figures 7B and 7C, top panels). PIK3R3 knockdown alone signifi-
cantly reduced cell proliferation by almost 2-fold. Moreover,



Figure 7. siRNA targeting of DVL3 and PIK3R3 predicted target genes

(A–C) mRNA levels of DVL3 or PIK3R3 in CRC cells (A) HCT116 cells transfected with NC, DVL3, and PIK3R3 siRNAs for 72 h. The mean mRNA levels ±SEM (n = 3) are

represented, and their expression is normalized to the geometric mean of three reference genes, ACTB, B2M, and GAPDH. Real-time cell index measurements using the

xCELLigence RTCA platform, in (B) HCT116 cells transfected with NC, DVL3, and PIK3R3 siRNAs for 48 h, followed by 24 h of treatment with 0mM or 2.5 mMbutyrate. Cells

were analyzed at 72 h post transfection. (C) The mean ± SEM (n = 4) is shown at 72 h post transfection with DVL3 or PIK3R3 siRNA. Significant results are indicated by

*p < 0.05, ***p < 0.001, ****p < 0.0001. NC, NC mimic.
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PIK3R3 knockdown greatly enhanced the inhibitory effect of buty-
rate, leading to �6-fold reduction in proliferation relative to control
conditions, with CDI calculation indicating a robustly synergistic ef-
fect at 0.44 (Figures 7B and 7C, bottom panels). Overall, these effects
were broadly similar to the effects of overexpressing the proposed up-
stream miRNA regulators of these genes (miR-1227 and miR-181a).

WNT signaling is hyperactivated by miRNAs

Several miRNAs that were found to alter CRC proliferation and sur-
vival in this study had predicted mRNA targets known to be involved
in the WNT signaling pathway (e.g., DVL3, FZD4, LRP6, CCND1).
Many of these WNT-associated targets were also butyrate responsive.
The WNT pathway is known to play a critical role in initiation and
progression of CRC.23 HCT116 cells have high WNT activity as
they express a constitutively active mutant CTNNB1 (b-catenin)
allele. They also carry the WT APC allele.24 RKO cells are classified
as lowWNT activity cells, as they have WT CTNNB1 and APC alleles
as well as a mutant form of CDX2, which is involved in APC and
AXIN2 activation.25 Four butyrate-sensitizing miRNAs, miR-125b,
miR-181a, miR-593, and miR-1227, were examined for their capacity
to alter WNT/b-catenin signaling using a TCF/LEF reporter
TOPFlash assay in HCT116 and RKO cells. All assays were performed
in the presence and absence of miRNA mimics, butyrate, and
WNT3A. In HCT116 cells, WNT3A alone increased TOPFlash re-
porter activity by �4-fold, while butyrate alone greatly increased
TOPFlash activity by �200-fold (Figure 8A). Of the four miRNAs
transfected, only miR-181a alone (i.e., in the absence of WNT3A or
butyrate) significantly increased TOPFlash activity by �2-fold.
When mimics were transfected in the presence of WNT3A, both
miR-125b and miR-181a significantly increased activation of
TOPFlash relative to that induced by ligand alone, while miR-1227
slightly reduced activation. In general, the miRNAs did not alter
the ability of butyrate to activate TOPFlash, although miR-593 very
slightly reduced the response. When WNT3A and butyrate were
both applied to cells, miR-181 was the only mimic that could signif-
icantly increase TOPFlash activity above the level produced by the
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Figure 8. Butyrate-responsive miRNAs and butyrate

alter WNT-reporter activity in HCT116 and RKO

cells

(A and B) WNT-reporter activity in (A) HCT116 or (B) RKO

cells reverse transfected with TOPFlash vectors and

butyrate-sensitizing miRNAs miR-125b, miR-181a, miR-

593, or miR-1227, for 48 h, followed by 24 h of

treatment with 0 mM or 2.5 mM butyrate. Cells were

analyzed at 72 h post transfection. The mean ± SEM of

four replicates is shown. Significant results are indicated

by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

NC, NC mimic.

Molecular Therapy: Nucleic Acids

40 Molecular Therapy: Nucleic Acids Vol. 30 December 2022



www.moleculartherapy.org
combination of both drugs. Overall, these data suggest that miR-181a
and miR-125b can potentiate WNT responses in HCT116 cells. Rela-
tive to HCT116 cells, RKO cells showed much greater activation of
TOPFlash by WNT3A alone (�50-fold), and the reporter was
robustly repressed by butyrate alone (�10-fold). Interestingly, buty-
rate was not repressive in the presence ofWNT3A, and instead poten-
tiated activation of TOPFlash by the ligand. Of the four miRNAs
tested, only miR-1227 and miR-181a alone (i.e., in the absence of
WNT3A or butyrate) significantly induced TOPFlash activity (Fig-
ure 8B). The miRNAs were not able to potentiate the response of
TOPFlash toWNT3A, nor did they increase the response to the com-
bination of WNT3A and butyrate; in fact, miR-125b and miR-1227
slightly reduced activation in the latter condition. All miRNAs also
induced a small reduction in TOPFlash activity in cells treated with
butyrate but no ligand. Overall, these data further support the idea
that miR-181a can potentiate WNT responses in CRC and suggest
miRNA activities may depend on cell-type specific variables that
define the threshold for WNT target activation.

DISCUSSION
Butyrate is a naturally occurring HDACi with the ability to inhibit
proliferation, promote apoptosis, and regulate the cell cycle in CRC
cells by altering the expression of genes, including those for non-cod-
ing RNAs such as miRNAs. The anti-cancer effects of butyrate may be
mediated in part through suppression of specific oncogenic miRNAs.
In addition, miRNAs could function cooperatively with other tumor-
suppressing epigenomic changes induced by butyrate. The over-
arching goal of this project was to identify cooperative activity
between miRNAs and butyrate that may ultimately inform the devel-
opment of novel therapeutic approaches to CRC that combine small
RNAs with butyrate or other HDAC inhibitors. An unbiased high-
throughput functional screen identified 13 miRNAs that synergized
with butyrate to reduce cell proliferation and promote apoptosis in
CRC cells. From this list of putatively butyrate-sensitizing miRNAs,
miR-125b, miR-181a, miR-593, and miR-1227 were empirically
selected for further analysis. While the three miRNAs with lowest
CDI values were studied in detail, others that showed a synergistic
response with butyrate, such as miR-29b-2-5p, miR-509-5p, miR-
1256, miR-1265, miR-3179, and miR-3654, may also identify useful
drug targets and could be examined in future studies.

miR-125b, miR-593, and miR-1227 were all confirmed to enhance the
pro-apoptotic activity of butyrate. The pro-apoptotic effects of miR-
1227 in both HCT116 and LIM1215 cancer cells are a novel finding in
this study. While both cell lines display dysregulated WNT signaling,
their genotypes otherwise differ, suggesting a consistent CRC
response to the miRNAs. Previous studies have shown that miR-
593 can induce apoptosis and inhibit cell proliferation in lung cancer
and hepatocellular carcinoma cells.26,27 Conversely, miR-593 was
shown to have oncogenic properties in prostate cancer cells,28 sug-
gesting cell-type-specific responses. In contrast to a previous report,29

miR-181a was not found to induce apoptosis of HCT116 cells in the
absence of butyrate. This discrepancy may relate to differences in
methodology, or heterogeneity between cell lines maintained in
different laboratories.30 However our finding that miR-181a reduces
HCT116 cell proliferation was consistent with a previous report.31 All
four miRNAs examined increased caspase activity in noncancerous
HFF, highlighting the need to mitigate any potential toxicity to
normal cells when considering RNA-based cancer therapeutics.32,33

Dysregulation of the cell cycle is critical in promoting uncontrolled
cell division and contributing to the development of cancer. The
anti-cancer properties of butyrate are partly attributed to cell-cycle
regulation through induction of cell-cycle inhibitors such asCDKN1A
and GADD45A, and inhibition of cell-cycle progression genes
CCND1, CCNA2, and CDK6.10,34,35 This study demonstrated that
butyrate inhibits cell proliferation by causing accumulation of CRC
cells in the G2/M phase. Previous studies support this observation,
with 5 mM butyrate demonstrated to induce G2/M phase cell-cycle
arrest in HCT116, RKO, and SW480 CRC cells.36,37 Interestingly,
studies have shown that butyrate can also induce G0/G1 cell-cycle ar-
rest in other CRC cell lines, including Caco-2 and HT29.35,38 These
different responses may relate to differences in the mutational status
of these CRC models. We found that miR-181a and miR-593
enhanced the ability of butyrate to induce G2/M phase blockade
and reduce the number of cells in S phase. While these miRNAs are
poorly characterized in CRC cells, there is evidence that miR-181a
is involved in cell-cycle regulation in other contexts. For example,
miR-181a induced G1 arrest in prostate cancer cells,39 but conversely
promoted cell-cycle progression and proliferation in gastric cancer.40

Overall, these data suggest that the effects of miR-181a on the cell cy-
cle are context specific. Although miR-1227 enhanced the ability of
butyrate to reduce cell proliferation, miR-1227 mimics did not
enhance the ability of butyrate to induce G2/M arrest, and instead
increased the fraction of cells in S phase. Mechanisms that induce
S-phase arrest in HCT116 cells (e.g., in response to cytotoxic drugs)
include inhibition of DNA synthesis proteins such as topoisomer-
ase41,42; whether such mechanisms are involved in miR-1227-medi-
ated S-phase accumulation requires further investigation. Although
miR-125b was previously shown to induce G2/M phase arrest in
HCT-8 CRC cells,43 this miRNA had no effect on the cell cycle in
the current study, suggesting that it may regulate proliferation
through alternative mechanisms in HCT116 cells.

The ability of specific miRNAs to modulate cell proliferation, cell cy-
cle, and apoptosis is generally due to modulation of specific down-
stream target mRNAs. Pathway enrichment analysis of predicted
miRNA target genes revealed significant overrepresentation of genes
in cancer-related growth pathways, including WNT and PI3K
signaling under the Gene Ontology (GO) term “pathways in cancer.”
WNT-related target genes were common among all miRNAs and
included TRIM29 (miR-125b); COX2, FZD4, LRP6 (miR-181a);
CCND1 (miR-593); and NUP62 and DVL3 (miR-1227). All miRNA
mimics were able to reduce the transcript levels of their predicted
target genes, although further work is required to determine whether
this involves direct miRNA:mRNA binding. These target genes
showed diverse responses to butyrate treatment. Notably, all the
miR-125b and miR-181a target genes examined were induced by
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butyrate, while most of the miR-593 and miR-1227 target genes were
repressed by butyrate. The induction of mRNA targets of miR-125b
andmiR-181amay be due to the global effect of HDACi on increasing
chromatin accessibility and hence transcriptional activation. In
contrast, the repression of miR-593 and miR-1227 target genes may
be mediated by induction of repressors that control these genes at
transcriptional or post-transcriptional levels, including the miRNAs
themselves.

Four of six miRNA targets that were reduced at the mRNA level by
their cognate miRNA mimics also showed reduction at the protein
level. A lack of correlation in miRNA-mediated changes in mRNA
and protein expression levels is not uncommon44-46 and likely reflects
the multiple modes of regulation involved, including transcription,
translation, and RNA and protein turnover.47,48 In addition, miRNAs
can regulate protein synthesis by destabilizing their target mRNAs in
order to decrease mRNA abundance or by inducing translational in-
hibition that does not affect mRNA levels.49

To assess whether specific downstream target genes were responsible
for the butyrate-sensitizing effects of miRNAs, selected targets
(PIK3R3, DVL3) were knocked down by RNA interference, and pro-
liferation was examined. PIK3R3 knockdown had the most potent ef-
fect on HCT116 growth alone and in combination with butyrate,
echoing the effects of miR-181a mimics. In contrast, DVL3 knock-
down had only a modest effect on proliferation, in contrast to the
potent anti-proliferative effect of miR-1227. The effects of miR-
1227 may be primarily mediated through other targets that are yet
to be identified. PIK3R3 encodes the regulatory subunit of the PI3K
signaling complex. PIK3R3 is mutated, or overexpressed, in many
solid tumors and it has been associated with epithelial to mesen-
chymal transition in CRC.50 A previous study demonstrated that
the combination of PI3K catalytic subunit inhibitors (Wortmannin
or LY294002) and 5 mM butyrate was pro-apoptotic and anti-prolif-
erative in KM20 cells.51 This highlights the importance of phosphoi-
nositide 3-kinase (PI3K) signaling in the butyrate response, as a
potent anti-cancer effect can be induced by inhibiting either the cat-
alytic subunit51 or the PIK3R3 regulatory subunit, as shown in the
current study. Future work could be directed at examining the thera-
peutic benefits of combined HDACi and PIK3 pathway inhibition in
CRC.

Many miRNA targets that were investigated in this study, including
TRIM29, COX2, PIK3R3, CCND1, EEF2K, and DVL3, have been
shown to be overexpressed in CRC and involved in promoting cell
proliferation, migration, invasion, and metastasis.52-60 In addition,
some of these targets, including COX2 and CCND1, are known to
be reduced after butyrate treatment of CRC cells.10 Of particular in-
terest was the enrichment of genes involved in WNT signaling within
the predicted targetome of the butyrate-sensitizing miRNAs. WNT is
a critically dysregulated growth pathway in CRC.61 Moreover, buty-
rate is a well-known modulator of WNT signaling with the ability
to regulate >1,000 genes in a WNT-specific manner in CRC cells.62

HCT116 cells express a constitutively active b-catenin allele and
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display high basal WNT signaling. Butyrate-induced WNT hyperac-
tivity may also create the synthetic lethal context for inducing
apoptosis that was exploited in this functional screen. All the buty-
rate-sensitizing miRNAs examined in this study had at least one pre-
dicted target gene that can be functionally linked to WNT signaling.
DVL3 is a hub phosphoprotein that negatively regulates the destruc-
tion complex and stabilizes b-catenin to promote gene expression.63

TRIM29 is involved in promoting WNT signaling through the regu-
lation of b-catenin stabilization, localization, and expression.52

Knockdown of TRIM29 in CRC resulted in reduction of b-catenin
expression and nuclear accumulation.52,64 Evidence also supports
the association of the nuclear pore protein, NUP62, with b-catenin
nuclear import; however, the extent to which it regulatesWNT signals
remains undefined.65 Some other genes, such as COX2 (proinflam-
matory protein) and CCND1 (cell-cycle regulator), are direct targets
of the b-catenin/TCF/LEF transcriptional complex.66,67

To explore the role of the butyrate-sensitizing miRNAs in canonical
WNT signaling, a WNT/b-catenin reporter assay was used in cell
lines with differing basal WNT activity. RKO cells showed robust in-
duction of WNT-reporter activity by WNT3A, while HCT116 cells
showed minimal response. This can be attributed to the differential
expression of ligand-dependent WT b-catenin versus constitutively
active mutant b-catenin in these cell lines. Indeed, previous reports
show that WNT3A induces a dose-dependent increase in WT b-cat-
enin levels in RKO cells, but does not alter mutant b-catenin levels in
HCT116 cells.68 Butyrate alone dramatically induced WNT-reporter
activity in HCT-116 cells. The WNT pathway is considered pro-pro-
liferative in CRC; hence, it was somewhat surprising that anti-prolif-
erative butyrate induced WNT activity. However, activity of the
TOPFlash reporter, which has multimeric TCF-binding sites, may
not be reflective of the native pro-proliferative WNT targetome.
Indeed, known pro-proliferative WNT targets such as CCND1 have
a single TCF/b-catenin-binding site in their promoter, whereas tar-
gets such as AXIN2 that provide negative feedback to the WNT
pathway have multiple binding sites.69 Such different promoter con-
figurations can confer different regulatory mechanisms and out-
comes. RKO cells showed reduced WNT-reporter activity after 24 h
of butyrate exposure. This was in contrast to a previous study that
found weak induction of WNT activity in RKO cells after 48-h expo-
sure to 5 mM butyrate.70 Given that WNT signaling is under tight
temporal control via the AXIN-mediated feedback loop, the discrep-
ancy between our findings and this previous report could relate to dif-
ferences in timing. To better understand the role of WNT pathway
modulation in the anti-cancer effects of butyrate, future work could
examine the temporal effect of butyrate on the globalWNT targetome
in a variety of CRC cells with different WNT pathway mutations. As
WNT signaling also regulates the stem cell characteristics of entero-
cytes, it may be inferred that the stemness of cultured CRC cells is
modulated by the treatments described in this study. Also, this may
induce heterogeneity within cultures that could explain phenomena
such as the aforementioned discordance between mRNA and protein
levels for miRNA targets. However, HCT116 cells are thought to
consist mainly of stem-like cells with considerable plasticity rather
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than being a hierarchical model with clear clonal progression,71 mak-
ing this explanation less likely.

Although none of the miRNAs investigated in this study synergized
with WNT3A or butyrate in the regulation of WNT-reporter activity,
miR-181a and miR-1227 both significantly increased activity in the
absence of WNT ligand in RKO cells. The very high level of reporter
activity in the presence of WNT3A may have provided little capacity
for miRNAs to further induce activity in this model (i.e., a ceiling
effect). Interestingly, miR-181a also increased b-catenin activity in
both the presence and absence of WNT ligand in HCT116 cells.
This result contrasts with a previous report that miR-181a can inhibit
WNT signaling in HCT116 cells, and targets both b-catenin and
TCF4.31,72 However, miR-181a is also known to inhibit the WNT
signaling inhibitor WIF1 in CRC cells,73 suggesting that miR-181a
has multifactorial roles in WNT signaling, and its effects may depend
on the balance of other WNT pathway factors present in cells.

Conclusion

Overall, this study identified several miRNAs and potential target
genes that could enhance the ability of butyrate to reduce CRC cell
proliferation and induce apoptosis. Butyrate-sensitizing miRNAs
were found to promote the inhibition of cell-cycle progression, while
predicted miRNA targets were involved in key cancer-related growth
pathways, includingWNT and PI3K signaling. Further analysis of the
potent anti-cancer effects of PIK3R3 inhibition in combination with
butyrate is warranted, particularly in 3D culture and in vivo models.
Moreover, further study of both butyrate-sensitizing miRNAs and
miRNAs that inhibit the butyrate response could help to unravel
mechanisms by which butyrate exerts anti-cancer activity. Ultimately,
such studies could provide a basis for developingmiRNAs as potential
therapeutics for CRC.

MATERIALS AND METHODS
Cell culture

Human HCT116 and LIM1215 colorectal carcinoma cells were ac-
quired from American Type Culture Collection (ATCC). Cells were
maintained at 37�C and 5% CO2 in McCoy’s 5A (modified) medium
or Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) con-
taining 10% fetal bovine serum (Bovogen Biologicals) respectively.
Cells were grown to <85% confluence and maintained mycoplasma
free.

Functional high-throughput screen

Reverse transfection of HCT116 cells was performed in poly-L-lysine-
coated 384-well plates in duplicate with a miRNA mimic library
(1,280 mature miRNAs, Human miRIDIAN miRNA Mimic Library
V16, Dharmacon) or siRNA controls. siRNA controls on each plate
included “positive death” control siRNAs siPLK1 and siTOX (Dhar-
macon RNAi Technologies), positive miRNA mimic control miR-
18a, NC siRNA (GenePharma) ON-TARGETplus Non-targeting
Control siRNA (OTP-NT) (Dharmacon), andmock transfection con-
trol (lipid only). In brief, HCT116 cells (1,400 cells/well in 25 mL of
McCoy’s 5A [modified] medium) were seeded into each well contain-
ing 12.5 mL of transfection mix (0.06 mL of DharmaFECT 2 in
10.565 mL of Opti-MEM and 1.875 mL of miRNA mimic [stock con-
centration 0.5 mM] to give a final concentration of 25 nM or 0.06 mL of
DharmaFECT 2 in 10.94 mL of Opti-MEM and 1.5 mL of siRNA [stock
concentration 1 mM] to give a final concentration of 40 nM). Plates
were incubated at room temperature for 20 min and then incubated
at 37�C for 24 h. Medium was changed on all assay plates 24 h post
transfection with 50 mL of pre-warmed medium added to each well.
Plates were incubated for a further 24 h before being treated with
no butyrate or a sublethal dose of 2.5 mM butyrate (non-treatment
or treatment plates) as part of another full medium change. At the
72-h endpoint, cells were subjected to an ApoLive-Glo Multiplex
assay (Promega). Liquid handling steps were performed using a
BioTek EL406 (BioTek, Burlington, VT) and SciClone ALH3000
Automated Liquid Handler (PerkinElmer, Hopkinton, MA).

The ApoLive-Glo Multiplex assay (CellTitre-Fluor (CTF) followed by
Caspase-Glo 3/7 in the same wells) was performed at 72 h post trans-
fection as per manufacturer’s instructions. Each well was incubated
with 5 mL of CTF at 37�C in a humidified incubator for 1 h 30 min.
Fluorescent changes were quantified using a Synergy H4 plate reader
(BioTek). Each well was then incubated with 12 mL of Caspase-Glo
3/7 at room temperature for 30 min and luminescence was measured
using the same plate reader.

Hit selection

Quality control analysis was performed to determine the quality and
reliability of the screen data, including the dynamic range between the
positive controls and NCs using the Z0 factor and Pearson correla-
tion.74 Raw values for individual replicates were normalized to the
average of the raw values for the OTP-NT NC for the same plate.
An average of normalized values for duplicates was calculated to
obtain the final normalized value per treatment. Cell viability (CV) re-
sults were categorized as Hi:> 1.15 fold change relative to NC (in-
crease), CV1: between 0.8 and 1.15 (no change), CV2: between 0.8
and 0.5 (decrease), lethal cell viability (LC): < 0.5 (lethal effect). Cas-
pase data were analyzed using Z score distribution,75 with a robust Z
score >2 indicating significant caspase activity and an average fold
change ratio, a positive ratio (>1) indicated increased apoptosis
when the miRNA was effective with butyrate treatment compared
with the NC. For viability, hits were classified into distinct subgroups:
hit 1 was defined as vehicle CV1 and drug CV2, hit 2 was defined as
vehicle CV1/CV2 and drug LC, hit 3 was defined as vehicle CV1/Hi
and drug CV2/CV1, and hit 4 was defined as vehicle Hi and drug
CV1. For caspase activity, Z score distribution and positive fold
change values were used, with a robust Z score >2 and positive fold
change ratio >1 indicating significant caspase activity. These values
were ranked as Hi and then sorted on vehicle versus drug.

Cell proliferation and apoptosis assays

Reverse transfections were performed using HCT116 or LIM1215
cells seeded in 16-well E-plates (xCELLigence proliferation assays;
ACEA Biosciences), 96-well plates (apoptosis), or 24-well plates
(RNA and protein extractions). miRNA mimics or NC scramble
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 43

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
mimics were reverse transfected into cells at a final concentration of
20 nM using Lipofectamine 2000 (Invitrogen) lipid reagent. After
48 h post transfection, cells were treated with 2.5 mM butyrate for
a further 24 h and results collected at the 72-h endpoint.

Proliferation changes were detected using the xCELLigence RTCA
DP platform (ACEA Biosciences) and measured as cell index (electri-
cal impedance in the cell medium). Proliferation changes were
measured every 30 min over a 72-h incubation period. The coefficient
of drug interaction was calculated for proliferation data using the
calculation CDI = AB/(A � B), whereby A is miRNA mimic/inhibi-
tor/siRNA to NC ratio, B is 2.5 mM butyrate treatment to NC, and AB
is a combination of miRNA mimic/inhibitor/siRNA and 2.5 mM
butyrate treatment to NC ratio.76 CDI < 1, = 1, or >1 indicates that
the drugs are synergistic, additive, or antagonistic, respectively, and
a CDI <0.7 indicates that the drug is significantly synergistic.

Apoptosis was measured at 72 h post transfection using CellPlayer
96-well Caspase 3/7 reagent (Essen BioScience) as per the manufac-
turer’s instructions. The Incucyte FLR (Essen BioScience) was used
to image fluorescence changes in cells. Cell images were used to calcu-
late the fluorescent cell count, using the IncuCyte Object Counting
v2.0 Analysis software (Essen BioScience).

miRNA target prediction and pathway analysis

miRWalk77 was used to collate information about predicted miRNA
target genes using eight prediction programs: DIANA-microT-CDS,78

miRanda,79,80 miRDB,81 miRWalk,77 PicTar2,82 PITA,83 RNA22,84

and TargetScan.85 Predicted target genes were labeled as hits if four or
more prediction programs identified those genes as possible miRNA
targets (specifically if miRNAs had 30 UTR binding sites for those
genes). Gene lists were compiled and transferred into ShinyGO86 online
graphical gene-set enrichment tool for KEGG pathway enrichment
analysis.87

Real-time RT-PCR

Total RNAwas extracted using TRIzol reagent (Thermo Fisher Scien-
tific) according to themanufacturer’s protocol. For mRNA expression
analysis, RNA was DNAse I treated, and cDNA synthesized using 25-
mL reactions of M-MLV Reverse Transcriptase (Promega), RNase
H minus (Promega), random hexamer primers (NEB), and 1 mg of
total RNA. Real-time qPCR was performed using Power SYBR Green
Mastermix (Applied Biosystems) in 20-mL reactions including 18 mL
of Mastermix and 2 mL of cDNA product (1:5 dilution). Primers were
designed using Primer-Blast (NCBI) and purchased fromGeneWorks
or Sigma-Aldrich (sequences are listed in Table S3). Raw data were
normalized against the geometric mean of the reference genes
GAPDH, B2M, and B-actin.

Immunoblots

Whole cell proteinwas extractedusing radioimmunoprecipitation assay
(RIPA) buffer and quantified using EZQ protein quantification kit (In-
vitrogen). SDS-PAGEwasperformedusing 25–35mg of protein extracts
in pre-cast Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad), and pro-
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teins were transferred to polyvinylidene difluoride (PVDF)membranes
using the Trans-Blot Turbo transfer system (Bio-Rad). Membranes
were blocked with 5% BSA or skimmilk powder for 1 h in TBS-T prior
to overnight incubation with Cyclin D1 (92G2) Rabbit Monoclonal
Antibody (mAb) #2978, COX2 Antibody #4842, Dvl3 Antibody
#3218, eEF2k Antibody #3692, Met (D1C2) XP Rabbit mAb #8198,
PI3 Kinase p55 (D2B3) Rabbit mAb #11889 (Cell Signaling Technol-
ogy), NUP62 Antibody ab140651 (Abcam), TRIM29 Antibody
GTX115749 (Genetex, CA, United States). Membranes were exposed
to secondary horseradish peroxidase-conjugated donkey anti-rabbit
immunoglobulin G (IgG) (Immunopure) in 5% skim milk powder for
1 h. Enhanced chemiluminescence (ECL) detection (SuperSignal
West Pico) was used to visualize protein bands using the ChemiDoc
MP Imaging system (Bio-Rad). Total protein normalization was used
to analyze the data.

WNT signaling activity

TOPFlash and FOPflash (NC) WNT/b-catenin activity assay plas-
mids were purchased fromMerkMillipore. HCT116 cells were seeded
at 7,500 per well in 96-well clear Greiner plates and incubated at 37�C
for 24 h. Cells were then transfected with 50 ng per well TOP/FOP
flash vector (Firefly luciferase), 5 ng per pRL Null vector (Renilla
luciferase), and 20 nM miRNA mimics, using Lipofectamine 2000
and Opti-MEM. Cells were incubated for a further 24 h at 37�C. Cells
were exposed to medium from L cells with and without WNT3a and
treated 2.5 mM butyrate in selected wells. Control wells did not have
butyrate added to conditioned medium. Cells were incubated for a
further 24 h at 37�C. At 72 h, Dual-Luciferase Reporter Assays
were performed (Promega) as per manufacturer’s instructions and
luminescence detected using an EnSight plate reader (PerkinElmer).

Statistical analysis

Data were graphically presented using GraphPad Prism (GraphPad
Software) and statistically analyzed using unpaired t tests, with a p
value <0.05 indicating statistical significance. Graphs display the
mean of at least n = 3 ± standard error of the mean (SEM).
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