Molecular Cell

Oncogenic K-Ras suppresses global miRNA function
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In brief

Shui et al. report the in vivo de-repression
of global miRNA targets induced by the
oncogenic K-Ras (K-Ras®'?P) that is
paradoxically accompanied by the
enhanced Ago2:mRNA binding.
Integrating in vivo modeling with omics
network analysis, they mechanistically
connect the K-Ras oncogene to the
dysregulation of hundreds of
downstream RNA/proteins.
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SUMMARY

K-Ras frequently acquires gain-of-function mutations (K-Ras®'2? being the most common) that trigger sig-
nificant transcriptomic and proteomic changes to drive tumorigenesis. Nevertheless, oncogenic K-Ras-
induced dysregulation of post-transcriptional regulators such as microRNAs (miRNAs) during oncogenesis
is poorly understood. Here, we report that K-Ras®'2P promotes global suppression of miRNA activity, result-
ing in the upregulation of hundreds of targets. We constructed a comprehensive profile of physiological
miRNA targets in mouse colonic epithelium and tumors expressing K-Ras®'2P using Halo-enhanced Argo-
naute pull-down. Combining this with parallel datasets of chromatin accessibility, transcriptome, and prote-
ome, we uncovered that K-Ras®'?P suppressed the expression of Csnk1al and Csnk2af, subsequently
decreasing Ago2 phosphorylation at Ser825/829/832/835. Hypo-phosphorylated Ago2 increased binding
to mRNAs while reducing its activity to repress miRNA targets. Our findings connect a potent regulatory
mechanism of global miRNA activity to K-Ras in a pathophysiological context and provide a mechanistic

link between oncogenic K-Ras and the post-transcriptional upregulation of miRNA targets.

INTRODUCTION

Ras proteins are small GTPases that can be mutational acti-
vated to drive oncogenesis in many tissues. Most notably,
glycine 12 substitutions of K-Ras are detected in ~80% of
pancreatic ductal adenocarcinomas (PDAC), ~30% of non-
small cell lung cancers (NSCLCs), and ~23% of colorectal
cancers (CRC), with glycine to aspartic acid (G12D) being
the common mutation.” The K-Ras®'2P oncoprotein hyperac-
tivates canonical Ras signaling and its direct physiological
impact in several tissue contexts has been extensively char-
acterized over the past two decades using genetically engi-
neered mouse models.?”” Despite what we know about onco-
genic effects of K-Ras®'2® in vivo, it remains unclear at a
mechanistic level how it alters the cellular signaling network
to affect homeostasis.

Regulation of protein levels can be achieved transcription-
ally, post-transcriptionally, and post-translationally. miRNAs
are short, noncoding RNAs (~21 nt) that serve as post-tran-
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scriptional regulators with a large repertoire of targets.® To
further elucidate the dramatic disturbance of the proteomic
landscape upon expression of oncogenic K-Ras®'?P in the
colonic epithelium and tumors, we considered microRNAs
(miRNAs) as potential mediators of downstream Ras signaling.
Canonical miRNAs function by binding to Argonaute proteins
(AGO1-4), with AGO2 being the dominant form.® Serving as
guides, miRNAs direct AGOs to mRNA transcripts through
nucleotide homology, canonically to the 3’ UTR region of the
transcript. Suppression of target mRNA translation is
achieved through subsequent recruitment of TNRC6 and other
members of the RNA-induced silencing complex (RISC).% %"
Additionally, RISC can also destabilize target mRNAs through
recruitment of decapping and deadenylating proteins.’®"®
miRNA targeting of mRNA requires only imperfect reverse
complementarity of its seed sequence (nucleotide 2-7),
rending a broad targeting process.'* Therefore, each miRNA
has hundreds of potential targets, making it a potent regulator
of both transcriptomic and proteomic landscapes.
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The interplay between K-RAS and individual miRNAs has long
been established. For example, K-RAS is a target of let-7, one of
the first miRNAs identified'>'® and the miR181ab1 cluster was
recently shown to be critical for K-RAS driven oncogenesis in
lung and pancreas.'” Nevertheless, systematic characterization
of the downstream impacts of oncogenic K-RAS on miRNA func-
tion has been largely limited to in vitro systems and heavily
dependent on miRNA target prediction algorithms such as
TargetScan, miRanda, and PicTar.'*'®"® These computational
approaches survey the genome for potential miRNA-binding
sites, yet they are limited by our incomplete understanding of
rules that govern miRNA targeting. Moreover, several recent re-
ports have highlighted tissue- and context-specific functions of
miRNAs,?%?" which further underscores the importance of
studying physiological miRNA-mRNA interactions in vivo. This
is made possible by recent developments in crosslinking immu-
noprecipitation coupled with next-generation sequencing (CLIP-
seq), allowing for identification of physiological miRNA tar-
gets.?*® Using Halo-enhanced Argonaute pull-down (HEAP),
a new approach that enabled high-resolution identifications of
miRNA targets in vivo,?® we established a comprehensive profile
of active and physiological miRNA targets in the mouse colonic
epithelium and colonic tumors, both in the presence and
absence of oncogenic K-Ras, enabling the study of a single mu-
tation’s impact on the miRNA activity landscape. Furthermore,
by integrating miRNA target profile with analysis of the transcrip-
tome, proteome, and chromatin accessibility landscape, we
have mechanistically characterized the global suppression of
miRNA function induced by K-Ras®'2P.

RESULTS

Global profiling of miRNA-binding sites in colonic
epithelium and tumors

Our initial goal was to determine the physiological miRNA target
repertoire in mouse colonic epithelium and tumors, with and
without endogenous expression of oncogenic K-Ras. We gener-
ated Fabp1-Cre ; Ago2-StHalol+: KrastSL-G12D/+ mice for colonic
epithelium-specific expression of K-Ras®'?P and Halo-tagged
Ago2.%?%27 For the inducible model of CRC, we utilized Villin-
CreEF\'TZ ; AgOZLSL—Han/+ ; ApCﬂ/ﬂ ; KraSLSL—G12D/+ mice'28,29 Tumor
induction in these animals can be rapidly achieved via enema of
4-hydroxytamoxifen (4-OHT), leading to the tumor-initiating loss
of Apc and endogenous expression of Halo-Ago2 and
K-Ras®'2P (Figures 1A and 1B). Despite endogenous expres-
sion, K-Ras levels appeared elevated in tissues expressing
K-Ras®'2P (Figure 1B). This could potentially be attributed to
the increased stability of K-Ras®'?® from elevated Ras-GTP
levels and frequent binding to effectors.

To study the influence of oncogenic K-Ras on miRNAs, we
validated three properties of our mouse models. First, we
measured activation of the mitogen-activated protein kinase
(MAPK) pathway, canonically downstream of K-Ras. We found
that K-Ras®'2P expression enhanced MAPK signaling in tissues,
with the elevation of activating phosphorylation of Mek (Ser217/
221) and Erk (Thr202/Tyr204) (Figure S1A). Second, we found
that mice harboring colonic tumors expressing K-Ras®'2° ex-
hibited shorter survival relative to those with K-Ras"™ tumors
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(Figure S1B), corroborating the relatively poor prognosis of pa-
tients with K-Ras mutant CRCs.**° Finally, we found that Halo-
Ago2 expression did not interfere with K-Ras®'?P-associated
phenotypes in the colon and distal ileum, including increased
height of the crypts and Ki67+ proliferating zone, upregulated
p-Erk (Thr202/Tyr204), and loss of Paneth cells (Figures S1C
and S1D).5*"

We next performed HEAP to examine the landscape of miRNA
activity and abundance, revealing distinct miRNA target profiles
in tissues with and without K-Ras®'2P (Figure S1E). By applying
Clipanalyze (https://bitbucket.org/leslielab/clipanalyze), we
identified 1,283/5,109 active miRNA-binding sites in colonic
epithelium and 2,186/7,569 binding sites in colonic tumor ex-
pressing K-Ras"VT/K-Ras®'?P. In all conditions, ~50% of peaks
were present in the 3' UTR of genes and ~30%-40% in the cod-
ing sequence (CDS) (Figures 1C and S1F). The distribution of
target sites in these various genomic locations was consistent
with profiles described previously.?®>? We associated miRNA
families with HEAP peaks by searching for Kmer (8-mer,
7-mer, and 6-mer) matches to mature miRNA seed sequences.
The abundance of Ago2-bound miRNAs positively correlated
with the number of associated peaks, suggesting that more
abundant miRNAs likely have higher binding activities
(Figures 1D and S1G). Among broadly conserved miRNA fam-
ilies, we found let-7-5p, miR-194-5p, and miR-200/429-3p to
be among the most active miRNAs in the colonic epithelium
and tumor. We benchmarked HEAP targets from mice with
computationally predicted miRNA target pairings in human
from the TargetScan database'® and observed significant
enrichment, suggesting considerable conservation of miRNA:-
target matching between mouse and human (Figure 1E).

To confirm the physiological relevance of the identified miRNA
targets, we utilized a mouse strain carrying a doxycycline-induc-
ible T6B-YFP transgene. T6B is a small peptide that suppresses
global miRNA function by disrupting the Ago:Tnrc6 interaction in
the RISC complex.”’ TBB expression in mouse colon induced
drastic changes in the transcriptome with transcript levels of
HEAP target genes preferentially upregulated upon T6B expres-
sion, suggesting that the targets identified by the HEAP were
functional (Figure S1H). We then measured gene expression
changes associated with each miRNA family using the para-
metric analysis of gene-set enrichment (PAGE)** and found
that gene targets of more abundant miRNA families experienced
more significant de-repression upon T6B-mediated inhibition of
miRNA function (Figure 1F). In conclusion, we have established a
physiological miRNA target map for colonic epithelium and tu-
mors expressing K-Ras™" and K-Ras®'2P, allowing for the gran-
ular study of the impact of a single gene mutation on miRNA ac-
tivity in vivo (Data S1).

K-Ras®'2P expands functional miRNA target repertoire
with global de-repression

We next investigated the impact of K-Ras®'?® on the miRNA
target landscape. We observed a major overlap between miRNA
targets identified in colonic tissues with and without K-Ras®'2P.
Strikingly, both colonic epithelium and tumors expressing K-
Ras®'?P exhibited a significant expansion of their miRNA target
repertoire (Figures 2Aand S2A), prompting the hypothesis that
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Figure 1. Global profiling of miRNA-binding sites in colonic epithelium and tumors

(A) Schematic of mouse models and data collection for this study.
(B) Endogenous expression of oncogenic K-Ras®'2P
100 um—colonic epithelium, 300 um—colonic tumors.

in mouse colonic epithelium and tumors. Pan-Ras and K-Ras levels were also examined. Scale bars:

(C) Genomic distribution of physiological miRNA target sites identified by HEAP in colons + K-Ras®'?P. CDS, coding sequence; 5’ UTR, 5’ untranslated region; 3’

UTR, 3’ untranslated region.

(D) Positive correlation between Ago2-bound abundance and the number of associated targets for each miRNA family in colonic epithelium. Each dot represents

an individual miRNA family. Pearson correlation coefficient r = 0.54.

(E) Conservation of HEAP miRNA targets in human. Fraction of randomly sampled targets from each set that are predicted to be targets of active miRNA families in
the TargetScan human database (detailed in the STAR Methods section). *** p < 0.0001 by Sidak’s multiple comparisons test.

(F) De-repression of HEAP-identified miRNA targets upon T6B-induced global miRNA suppression in the mouse colon. T6B RNA PAGE Z score positively
correlates with Ago2-bound miRNA abundance. PAGE Z score calculation is detailed in the STAR Methods section. Each dot represents an individual miRNA
family. Higher PAGE Z score indicates stronger de-repression of miRNA targets in mouse colon expressing miRNA suppressor T6B. Pearson correlation co-

efficient r = 0.52.
See also Figure S1 and Data S1 for the HEAP-identified miRNA targets.

hyperactivated K-Ras might affect miRNA function globally. Ex-
pecting that a global dysregulation of miRNA function would
broadly influence RNA and protein expression, we collected
transcriptomic, proteomic, and phospho-proteomic data using
tissues from the same models subjected to HEAP (Data S2).%*
The expression of K-Ras®'2P induced considerable changes in
both colonic epithelium and tumors, each with thousands of
transcripts/proteins dysregulated (RNA: adjusted p value < 0.05;
protein: p <0.05 and q < 0.1) (Figures S2B, S2C, and S2H). While
the transcriptomic and proteomic datasets as a whole exhibited
moderate correlation, there was minimal overlap between signif-
icantly differentially expressed mRNAs and proteins

(Figures S2D-S2G). The lack of correlating changes between
RNA and protein suggested potential post-transcriptional regu-
lation induced by oncogenic K-Ras.

Among HEAP targets, 4,271 and 5,543 peaks were specific to
K-Ras®'?P-expressing colonic epithelium and  tumors
(Figures 2A and S2A). We expected that genes targeted by
miRNA specifically in K-Ras®'2P tissues would exhibit
decreased RNA and protein levels in tissues expressing mutant
K-Ras. Surprisingly, K-Ras®'2P-specific miRNA targets were en-
riched for upregulated RNA and proteins (Figures 2B, 2C, S2I,
and S2J, p < 0.0001, Fisher’'s exact test). Indeed, more
than 40% of K-Ras®'?P-specific miRNA targets exhibited
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Figure 2. K-Ras®'?P expands functional miRNA target repertoire with global de-repression

(A) Overlap of miRNA target sites in K-Ras"'™ and K-Ras®'2P colonic epithelium.

(B) Heatmap of significantly dysregulated RNA and protein of K-Ras®'2P-specific miRNA targets in the colonic epithelium.

(C) Enrichment of significantly upregulated RNA and proteins of K-RasG‘ZD-specific miRNA targets compared with those of untargeted genes in colonic
epithelium. **** p < 0.0001 by Fisher’s exact test.

(D) Heatmap of significantly dysregulated RNA and protein of K-Ras -specific miRNA targets in the colonic epithelium.

(E) Cumulative distribution function (CDF) plot of RNA and protein changes for targets of miRNAs over 200 counts (let-7-5p/miR-98-5p, miR-29-3p, and miR-194-
5p) in mouse colonic epithelium. Log fold change (LFC) was calculated as K-Ras®?P vs. K-Ras"'". p value by two-sided Kolmogorov-Smirnov test.

(F) Global upregulation of miRNA targets upon K-Ras®'2P expression in the mouse colon. Ago2-bound miRNA abundance positively correlates with RNA/protein
PAGE Z score. Each dot represents an individual miRNA family. Higher PAGE Z score indicates stronger de-repression of miRNA target RNA/protein in mouse
colon expressing K-Ras®12P. Pearson correlation coefficient r = 0.46 (RNA) and 0.47 (protein).

(G) CDF plots of transcription start site (TSS) chromatin accessibility changes in promoters of miRNA target genes with RNA LFC > 0 or < 0 in mouse colonic
epithelium from ATAC-seq. Chromatin accessibility change (ATAC peak LFC) was calculated as K-Ras®'2P ys, K-Ras"'". p value by two-sided Kolmogorov-
Smirnov test.

See also Figure S2 and Data S2 for profiled RNA, protein, and chromatin accessibility.
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upregulation in both RNA and protein (Figure 2D). This prompted
us to consider whether hyperactive K-Ras could promote, rather
than suppress, the expression of miRNA targets. Examination of
the RNA and protein expression changes in tissues expressing
K-Ras®'2P demonstrated that gene targets of almost all miRNA
families were globally upregulated (Figures 2E and S2K). We
then investigated whether the upregulation of miRNA target
RNA and protein was influenced by their associated targeting
miRNA. PAGE analysis indicated that the target genes of highly
abundant miRNA families were preferentially upregulated both

at the RNA and protein levels upon oncogenic K-Ras expression
(Figures 2F and S2L). Drawing similarities between this observa-
tion in K-Ras®'2P tissues and the T6B-induced transcriptomic
changes, we hypothesized that the de-repression of miRNA tar-
gets could stem from global dysregulation of miRNAs rather than
that of individual miRNAs.

It remained a formal possibility that the paradoxically
increased expression of miRNA targets in K-Ras mutant tissue
might result from strong transcriptional upregulation that over-
comes traditional miRNA-mediated downregulation. To address
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this possibility, we performed ATAC-seq (assay for transposase-
accessible chromatin with sequencing) to profile the chromatin
accessibility landscape of colonic tissues expressing K-Ras"/'
and K-Ras®'2P, as chromatin accessibility at gene promoters
have been widely used as to estimate transcriptional activity.*>*°
As expected, tissues + oncogenic K-Ras displayed distinctive
profiles (Figure S2M). Integration of the chromatin status with
the transcriptomic data revealed that genes with significantly
downregulated RNA preferentially exhibited downregulated
transcription in tissues with K-Ras®'2P (Figure S2N), demon-
strating that lower rates of transcription were the main determi-
nant of lower gene expression. We then investigated if chromatin
accessibility alone was sufficient to predict transcriptomic
changes. While genes with more accessible promoters
increased in RNA, genes with suppressed ATAC signal at the
promoter did not necessarily decrease in RNA (Figure S20).
This observation suggests that a potential post-transcriptional
regulation program could overcome the transcriptional suppres-
sion of many genes to result in their stable expression or upregu-
lation, corroborating our observed global increase in expression
of miRNA targets. Most importantly, miRNA targets with both up-
and downregulated RNAs exhibited significant suppression of
transcription (Figures 2G and S2P), undermining the likelihood
of transcriptional de-repression of miRNA targets. Taken
together, these data suggest that the hyperactivation of K-Ras
induces global de-repression of miRNA targets that is depen-
dent on miRNA expression level, but independent of a given tar-
get’s transcriptional status.

Active miRNA families are conserved across mutational
and histological contexts
Our studies thus far suggest a contradictory role for K-Ras in
regulating miRNA function, with its hyperactivation expanding
the miRNA target repertoire while simultaneously de-repressing
miRNA target RNA and proteins. To resolve this apparent conflict,
we first set out to examine whether specific miRNAs were differ-
entially active in K-Ras™"T or K-Ras®'2P tissues. To infer miRNA
activity from the abundance of associated target sites, we per-
formed HOMER (hypergeometric optimization of motif enrich-
ment) motif enrichment in condition-specific HEAP peaks (peaks
only identified in K-Ras"/" or K-Ras®'2° samples). Surprisingly,
we identified a largely consistent cohort of miRNAs to be highly
active in the colon across various mutational and histological
states (K-Ras"T vs. K-Ras®'?, epithelium vs. tumor)
(Figures 3A and S3A). Among these, let-7-5p/miR-98-5p, miR-
29-3p, miR-200/429-3p, and miR-17~93-5p were well-charac-
terized miRNA families, with roles in both homeostatic and
pathological conditions.'®*?*7~%° Functional enrichment of their
targets with KEGG (Kyoto Encyclopedia of Genes and Genomes)
underscored their physiological importance, with many critical
functional terms enriched as miRNA targets, including mTOR
signaling, cCAMP signaling, PIBK-AKT signaling, MAPK signaling,
and Ras signaling pathway itself (Figures S3B and S3C). The
motif of miR-194-5p, a relatively understudied miRNA, was also
highly enriched across all conditions, suggesting that miR-194-
5p might play a crucial role in vivo that remains to be elucidated.
While capturing target mRNA transcripts, HEAP also profiles
the miRNAs that are bound to Ago2.?° Accordingly, we next
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examined whether perturbation of active miRNA expression by
oncogenic K-Ras could contribute to the expanded miRNA
target repertoire or the global upregulation of miRNA targets. iso-
miR profiles remained consistent upon oncogenic K-Ras expres-
sion, with 3’ trimming being the dominant isoform (Figure S3D).
Hierarchical clustering revealed distinct Ago2-bound miRNA
abundance profiles of K-Ras"/T- and K-Ras®'?P-expressing tis-
sues (Figure S3E), with several miRNAs that were previously
shown to be regulated by K-Ras signaling exhibiting dysregu-
lated abundance, including miR-30b-5p, miR-210-3p, miR-
127-3p, and miR-137-3p (Figures 3B and S3F).*'*? However,
the highly abundant/active miRNA families (let-7-5p/miR-98-
5p, miR-29-3p, miR-200/429-3p, and miR-17~93-5p, miR-
194-5p) remained largely unaffected, with log fold changes
(LFCs) around 0, in K-Ras®'2P tissues, corroborating their stable
cytoplasmic miRNA levels across conditions (Figures 3C, 3D,
and S3G). Accordingly, most HEAP targets were associated
with miRNA families of stable Ago2-bound abundance, under-
mining the likelihood of a miRNA abundance-driven phenotype
(Figure S3H).

Integrating our identification of Ago2-bound miRNAs with our
HOMER motif enrichment analysis, a conserved cohort of active
miRNAs emerged disregarding the mutational and histological
contexts in the colon and remained relatively stable upon
K-Ras hyperactivation both in their Ago2-bound level and their
mRNA targeting activity. Thus, changes in miRNA levels are un-
likely to underly the conflicting effect of K-Ras®'2P on miRNA tar-
geting and miRNA target de-repression.

Oncogenic K-Ras-enhances Ago2:mRNA binding

without RISC perturbation

Given the stable profile of Ago2-bound miRNAs, we next turned
to the interaction between Ago2 and target mRNAs. Differential
binding affinity analysis was performed using read counts within
HEAP peaks (miRNA target sites), with higher read counts indi-
cating stronger binding between Ago2 and the target mRNA.
Read counts outside of the peaks were considered non-specif-
ically bound RNA and were used for global normalization. For
all miRNA families, we observed increased binding between
Ago?2 and their target mRNAs in tissues expressing K-Ras®12P
(mean peak signal LFC > 0), while their Ago2-bound miRNA
abundance remained stable (Figures 4A and S4A). Further inves-
tigation of individual miRNA families demonstrated significantly
enhanced target binding for all major miRNA families in tissues
expressing K-Ras®'?P (Figures 4B and S4B). To understand if
the change was driven by a few dominant peaks or a global shift
in Ago2:mRNA-binding affinity, we examined signal changes of
all peaks and peaks associated with several active miRNA fam-
ilies. We found that that the majority of HEAP peaks demon-
strated increased binding signal in colonic tissues expressing
K-Ras®'?P (Figures 4C, S4C, and S4D), suggesting a non-
discriminatory increase in Ago2:mRNA-binding affinity. Again,
we considered the possibility that the increase of Ago2-bound
mRNA was a passive effect of an overall increase in target tran-
scripts. Therefore, we selected miRNA target genes with
increased, stable, or decreased RNA/protein in the K-Ras®'2P
colon. gPCR on target mRNA pulled down with Halo-Ago2 in
colonic epithelium and tumors showed that significantly more
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Figure 3. Active miRNA families are conserved across mutational and histological contexts

(A) Top differentially enriched 8-mers in colonic epithelium and tumors from merged HEAP target sites by the HOMER de novo motif enrichment algorithm. miRNA
families whose seed sequences are complementary to these motifs are annotated.

(B) Heatmap of significantly dysregulated Ago2-bound miRNAs in HEAP from K-Ras expressing colon. miRNAs highlighted in blue (decrease) and red
(increase) have previously been connected to K-Ras dysregulation. Adjusted p value < 0.05 by Wald test with Benjamini-Hochberg correction. Scale bar rep-
resents Z score.

(C) Volcano plot of global Ago2-bound miRNA abundance changes in colonic epithelium and tumors + K-Ras®'2P. LFC is calculated as K-Ras®'?P vs. K-Ras"'".
Highly active and conserved miRNA families are annotated.

(D) gPCR of highly active miRNAs (with most associated miRNA targets) in colonic epithelium + K-Ras®'2P. ** p < 0.005, * p < 0.05 by two-way ANOVA followed by
Sidak’s multiple comparisons test.

See also Figure S3 and Data S2 for HEAP profiled miRNA.
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target mMRNA associated with Ago2 in tissues expressing onco-
genic K-Ras, independent of changes in their overall RNA/pro-
tein levels (Figures 4D and S4E).

Given the global shift in Ago2:mRNA binding, we asked
whether oncogenic K-Ras could impact the functional status of
the RISC, a protein complex critical for miRNA function. Argo-
naute proteins and TNRC6 family members are the primary com-
ponents of RISC, with Ago2 being the dominant species.® Upon
Ago2 binding to the target transcripts, TNRC6 recruits other pro-
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teins such as CCR4-NOT complex and DDX6 to execute miRNA-
induced gene suppression.® Therefore, we examined the levels
and functional status of RISC in colonic tissues expressing
K-Ras"'" or K-Ras®'2P. Ago2 levels remained stable upon onco-
genic K-Ras expression in vivo (Figure S4F). To examine the
degree of Ago2:Tnrc6a interaction, we performed Halo-Ago2
pull-down in colonic epithelium and tumors + K-Ras®'?® and
demonstrated that a consistent amount of Tnrc6a associated
with Ago2 upon activation of K-Ras (Figures 4E, S4G, and
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Figure 4. Oncogenic K-Ras enhances Ago2:mRNA binding without RISC perturbation
(A) Scatterplots correlating the LFC of Ago2-bound abundance for each miRNA family with the mean target-binding signal LFC of their targets in colonic
epithelium. Each dot represents an individual miRNA family. Positive peak signal LFC indicates stronger Ago2:mRNA binding.

(B) Heatmap and histogram of peak signal in an 800-bp region surrounding HEAI

P peaks containing seed matches to let-7-5p/miR-98-5p, miR-29-3p, and miR-

194-5p from colonic epithelium = K-Ras®'2P, Scale bar represents normalized read counts.

(C) Volcano plots of global miRNA target peak signal change associated with let-7-5p/miR-98-5p, miR-29-3p, and miR-194-5p in colonic epithelium + K-Ras'

G12D

Each dot represents a HEAP target site, with purple color highlighting target sites associated with specified miRNA family. Peak signal LFC denotes the increase/
decrease of miRNA target-binding signal detected by HEAP. Percentages of highlighted peaks with LFC above or below 0 are annotated.
(D) Halo-Ago2 pull-down followed by qPCR for mRNA transcripts bound to Ago2 in mouse colonic epithelium. Error bars represent +SD, * p < 0.1. ** p < 0.05,

*** < 0.01 by multiple unpaired t test.

(E) Anti-HaloTag pull-down of Halo-Ago2 in colon + K-Ras®'2° to examine Ago2:Tnrc6a association. Error bars represent +SD.
(F) RISC fractionation of colonic tumor + K-Ras®'2P to examine the distribution of Ago2 in functional HMWR and non-functional LMWR normalized to input Ago2.

Error bars represent +SD.
See also Figure S4.

S4H). Given that RISC is an intricate protein complex with many
potential interactors, we further investigated native RISC status
in vivo. La Rocca et al. have previously reported that cellular
Ago?2 is largely distributed between high molecular weight

RISC (HMWR, >2 MDa) and low molecular weight RISC
(LMWR) (~100 kDa, Ago2 monomer state), with HMWR being
the functional form.?° Using size-exclusion chromatography,
we evaluated the distribution of Ago2 between the HMWR and
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LMWR fractions and detected Ago2 in both fractions with com-
parable levels, regardless of K-Ras®'2P status (Figures 4F and
S4l), suggesting that RISC assembly status did not vary signifi-
cantly upon hyperactivation of K-Ras signaling. This observation
contradicted a recent report that implicated mutant K-Ras in in-
hibition of RISC assembly through a direct K-Ras:Ago2 interac-
tion.*® Therefore, we set out to understand whether Ago2 binds
WT or mutant K-Ras in the mouse colon. Nevertheless, we did
not observe stable interaction between Halo-Ago2 and K-Ras"''
or K-Ras®'2P in either colonic epithelium or tumors (Figures S4J
and S4K).

Altogether, we observed that the endogenous expression of
oncogenic K-Ras in colonic tissues enhanced global
Ago2:mRNA binding while sparing the RISC. The increased
Ago2:mRNA affinity drives the observed expansion of miRNA
target repertoire in the K-Ras®'2P-expressing tissues. Given
the established role of miRNAs in gene suppression, the onco-
genic K-Ras-induced increase in Ago2:mRNA binding is para-
doxical to the observed global de-repression of miRNA targets
in tissues expressing K-Ras®'2P.

K-Ras®'2P suppresses Csnk1a1/Csnk2a1, regulators of
Ago2 activity
With the conflict between global miRNA target de-repression and
increased Ago2:mRNA interaction unresolved, we next investi-
gated the functional status of Ago2 itself. Ago2 activity is tightly
regulated by its phosphorylation status. Phosphorylation of
Ser387, Tyr393, and Tyr529 affect Ago2 activity through various
mechanisms, including facilitating Ago2 localization to processing
bodies,** repressing its endonucleolytic cleavage activity,*® dis-
rupting miRNA loading,*® and hindering its interaction with Dicer.*’
Moreover, a conserved cluster of serine phosphorylation sites was
recently reported on Ago2 at Ser824/828/831/834 (mouse Ago2
Ser825/829/832/835), phosphorylation of which hindered effective
Ago2:mRNA binding.*®*° Proper cycling of phosphorylation on
these sites is essential for Ago2 function. Analogous to what we
observed in colonic tissues expressing K-Ras®'2®, removal of
these phosphorylations through serine to alanine substitutions
led to increased Ago2:mRNA binding, expansion of miRNA target
repertoire, and global de-repression of miRNA targets in vitro as a
small pool of target transcripts sequestered most functional
Ago2.*®  Furthermore, hypo-phosphorylation of this cluster
(Ago2%) had no impact on Ago?2 distribution in HMWR/LMWR,
while hyper-phosphorylation completely disrupted functional
RISC, suggesting that these phosphorylations prevent RISC as-
sembly (Figure S5A). Similar to Ago2 hypo-phosphorylation,
increased Ago2:mRNA binding resulting from oncogenic K-Ras
favored RNA transcripts with a longer half-life (Figure S5B).*®
With K-Ras signaling being key to the tissue phospho-prote-
ome, we hypothesized that hyperactive K-Ras suppressed
Ago2 phosphorylation at Ser825/829/832/835, which would ac-
count for the paradoxical increase in Ago2:mRNA binding and
global de-repression of miRNA targets in tissues expressing K-
Ras®'2P, Ankrd52-Ppp6c was identified as the regulatory phos-
phatase and removal of its activity promotes hyper-phosphoryla-
tion of Ago2, rendering Ago2 non-functional due to its inability to
bind mRNA.*® Indeed, we found that genome-wide CRISPR
knockout (KO) screens in human cancer cell lines (DepMap
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21Q2 Public + Score, CERES) revealed strong positive co-de-
pendency between AGO2 and ANKRD52/PPP6C (Figure S5C).
Ankrd52 KO in mouse embryonic fibroblasts (MEFs) increased
Ago2 phosphorylation at the Ser825/829 sites, as measured by
mass spectrometry (MS) (Figures S5D and S5E), indicating con-
servation of this regulatory mechanism in mouse tissues. Howev-
er, Ankrd52 and Ppp6c levels were unperturbed upon K-Ras®12P
expression in mouse tissues, indicating that the dephosphoryla-
tion machinery likely remained stable (Figure S5F).

Csnk1al was shown to phosphorylate Ser829/832/835 of
Ago2 hierarchically, with Ser829 phosphorylation being the prim-
ing event.”®°° However, the kinase governing Ser825 phosphor-
ylation was not identified. We used two algorithms (Scansite 4.0
and Kinome Xplorer) to identify kinases that potentially target
Ser825 of Ago2 and identified CK2 as a candidate.®’*? CK2 is
atetrameric kinase composed of two catalytic subunits encoded
by CSNK2A1 and CSNK2A2, and two regulatory subunits en-
coded by CSNK2B.>® We performed in vitro phosphorylation us-
ing purified Csnk2a1 and Ago2 peptide (816-838) and detected
phosphorylation of Ser825 (Figure S5G). We observed robust
phosphorylation of Ser825 on the Ago2 peptide by purified
Csnk2a1. Substitution of Ser825 to alanine completely abolished
phosphorylation, suggesting that Csnk2a1 could phosphorylate
Ago2 Ser825 (Figure 5A). Additionally, a global atlas of substrate
specificity for the serine/threonine kinome predicted that prior
phosphorylation at Ago2 (Ser829) facilitated motif recognition
by CK2 at Ser825, implicating hierarchical cooperation between
CK1 and CK2.>* Further in vitro phosphorylation using Ago2 pep-
tide pre-phosphorylated at Ser829 demonstrated significantly
elevated Ago2 (Ser825) phosphorylation by Csnk2at
(Figures S5H and S5l), corroborating the notion that CK1-medi-
ated Ago2(Ser829) phosphorylation could prime Ago2(Ser825)
for CK2 recognition. Follow-up work using full-length Ago2 in
cells is required to validate the role of CK2 and to dissect the stoi-
chiometry and dynamic of the cooperation of CK1 and CK2 in
their regulation of Ago2 phosphorylation.

Both Csnk1al and Csnk2a1 protein levels were significantly
suppressed in K-Ras®'2P colonic tissues (Figure 5B). Chromatin
accessibility near the transcriptional start sites of Csnk1a1 and
Csnk2a1, as well as their RNA levels, also decreased in tissues
with K-Ras®'2P, suggesting their transcriptional suppression
(Figures 5C and 5D). To examine their functional consequences,
we inferred CK1/2 kinase activities based on the phospho-levels
of their canonical target sites using phospho-proteomics data
(Data S3). This kinase enrichment analysis suggested a potential
depletion of CK1 and CK2 kinase activities in tissues expressing
K-Ras®'P,  corroborating their decreased protein level
(Figures 5E, 5F, and S5J). Additionally, phosphorylation of
Hsp90ab1(Ser226), a canonical target site of Csnk2a1,> and
the overall CK2 target motif both significantly decreased in the
presence of K-Ras®'?P in vivo (Figures S5K and S5L). Thus,
our data suggest that K-Ras®'?P suppresses Csnklal and
Csnk2a1 protein expression and kinase activity in the colon.
However, we were unable to directly quantify Ago2 phosphory-
lation at Ser825/829/832/835 in vivo, as steady-state Ago2 was
likely rapidly dephosphorylated by the Ankrd52/Ppp6c complex,
rendering these sites largely unphosphorylated without func-
tional KO of the phosphatase.*®
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Figure 5. K-Ras®'??

suppresses Csnkia1/Csnk2a1, regulators of Ago2 function

(A) Dot blot showing in vitro phosphorylation of the Ago2 (816-838) peptide at Ser825 by purified Csnk2a1. S825A change on the peptide causes complete loss of

phosphorylation by Csnk2a1.

(B) Western blotting of endogenous Csnk1a1 and Csnk2a1 in colons + K-Ras®'?P. Error bars represent +SD. *** p < 0.001, * p < 0.05 by unpaired t test.

(

G12D

(

Volcano plot showing kinase enrichment analysis using K-Ras

C) gPCR of Csnk1a1 and Csnk2a1 RNA in colon + K-Ras®'2. Error bars represent +SD. * p < 0.05 by unpaired t test.
(D) Genome browser view showing the suppression of accessible chromatin near the transcriptional start sites of Csnk1a1 and Csnk2a1 in K-| Ras®'2P colon.
E)

G12D

colonic tumor phospho-proteomic profile. Enrichment is calculated as K-Ras vs.

K-Ras"T. Positive NES (net enrichment score) indicates the activation of kinase and vice versa. Canonical Ras pathway kinases EGFR and MEK1 and CK1/2

family members CK1A, CK1D, CK2A1, CK2B are highlighted.

(F) Heatmap showing phosphorylation changes of Csnk1al and Csnk2a1 target sites that are detected in the colonic tumor phospho-proteome. Scale bar

G12D

represents LFC. LFC is calculated as K-Ras vs. K-Ras"VT

See also Figure S5 and Data S3.

Taken together, these data demonstrate that hyperactivated
K-Ras signaling in colonic tissues suppresses Csnklal/
Csnk2a1 kinase activity through transcriptional downregulation,
potentially diminishing the steady-state phosphorylation of Ago2
at Ser825/829/832/835, which renders Ago2 non-functional
through increased Ago2:mRNA binding that sequesters func-
tional Ago2. This globally suppresses miRNA-mediated gene
regulation, causing post-transcriptional upregulation of an
extensive network of miRNA target genes upon K-Ras hyperac-
tivation (Figure S5M).

K-Ras/Ago2/miRNA axis in human cancer

Although a general decrease in global miRNA level has been re-
ported in tumors,*® the pathophysiological impact of global
miRNA suppression in cancer remains to be elucidated.
CRISPR KO of critical components of the miRNA biogenesis

and functional machinery (Ago2, Ankrd52, Dicer1, Xpo5, Tnrc6a,
and Drosha) all exerted a negative impact on cancer cell fitness
to varying degrees, suggesting anti-tumorigenic effects (Fig-
ure 6A). However, this effect was less pronounced in Ras mutant
CRC cells, which is consistent with the model that K-Ras mutant
cells already have low miRNA activity (Figure S6A). To test this in
a genetically controlled system, we generated K-Ras"™ and K-
Ras®'2P primary murine colonic tumor organoids with Ankrd52
KO to fully suppress miRNA function (Figure S6B). While
Ankrd52 loss obliterated viability in K-Ras™'™ organoids, corrob-
orating the anti-tumorigenic effect of global miRNA suppression,
K-Ras®'2P organoids were resistant to its effect (Figures 6B and
S6C). To investigate whether the proposed anti-tumorigenic ef-
fect of global miRNA suppression has clinical relevance, we
stratified TCGA COAD patients based on their transcriptomic
miRNA target signature and observed prolonged survival in
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Figure 6. K-Ras/Ago2/miRNA axis in human cancer

(A) DepMap data analysis demonstrating the general negative impact on cancer cell fitness upon CRISPR KO of miRNA machinery key factors.

(B) Bright-field images of WT and Ankrd52 KO mouse colonic tumor organoids + K-Ras®'2P cultured through 72 h showing detrimental effects of global miRNA
suppression in K-Ras™T tumor organoids.

(C) Kaplan-Meier plot of CRC patients stratified by their miRNA target signature expression. High target signatures indicate low miRNA activity and vice versa.
p value by log-rank test.

(D) UMAPs (Uniform Manifold Approximation and Projection) of cell-type clustering and miRNA target signature in pre-cancerous colonic lesions from patients.
Sub-clusters with high miRNA target signature in cell types of interest are highlighted. ABSs, absorptive cells; ASCs,adenoma-specific cells; CTs, crypt top
colonocytes; EEs, enteroendocrine cells; GOBs, goblet cells; STMs, stem cells; SSCs, serrated-specific cells; TACs, transit amplifying cells; TUFs, tuft cells.
(E) UMAPs of CSNK1A1 expressions in colorectal patient pre-cancerous lesions. Sub-clusters with high miRNA target signature in cell types of interest are
highlighted.

(F) Negative correlations between the expressions of CK1/CK2 family members and miRNA target signature in ASC, SSC, and GOB.

(G) UMAP of K-RAS mutation status and Hallmark KRAS signaling up enrichment in ASC. Sub-clusters with high miRNA target signature in cell types of interest
are highlighted, enriched with K-RASM"! cells.

(H) Boxplot of the expressions of CK1/2 family members in K-RAS"T and K-RASM“t ASCs showing the suppression of CK1/2 expressions in K-RASM“ cells.
See also Figure S6 and Data S4.
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patients with high target signature (a surrogate for suppressed
miRNA function) (Figures 6C and S6D; Data S4).

We then set out to understand whether K-Ras signaling was
connected to CK1/2 expression and miRNA activity in patients.
TCGA (The Cancer Genome Atlas) COAD (colon adenocarci-
noma) patients were stratified based on their K-Ras activation
status (Data S4). Patients with high/low activation of the K-Ras
pathway demonstrated distinct transcriptomic profiles and sur-
vival (Figures S6E and S6F). Furthermore, Hallmark pathways
enriched in patients with high K-Ras activation resembled those
found in K-Ras®'2P mouse colonic tumors, highlighting the con-
servation of transcriptomic signature of hyperactivated K-Ras
between mouse and human (Figure S6G). Though Csnklat
and Csnk2a1 remained unaffected by K-Ras activation, Csnk1d,
Csnkle, Csnk1g2, and Csnk2b all experienced decreased
expression in patients with hyperactivated K-Ras signaling (Fig-
ure S6H). The decrease in Csnk1d levels was recapitulated in
mouse colon expressing K-Ras®'2P (Figure S6l). Given their ho-
mology in the kinase domain, CK1 family kinases have similar
substrate specificities.”” Therefore, it is likely that hyperactivated
K-Ras can suppress global miRNA function through inhibition of
various CK1/2 kinases. Indeed, a larger proportion of miRNA
target genes experienced upregulation in patients with high
K-Ras signatures, indicating globally suppressed miRNA activity
(Figure SBJ).

Given the inter-patient diversity of miRNA target signatures
and its correlation with survival, we then inquired whether vary-
ing global miRNA activities could also contribute to functional
intra-tumoral heterogeneity. Single-cell RNA sequencing
(scRNA-seq) of pre-cancerous lesions from colorectal tissues re-
vealed populations with distinct miRNA target signatures in ade-
noma-specific cells (ASCs), serrated-specific cells (SSCs), and
goblet cells (GOBs) (Figure 6D).® Activities of individual miRNA
families conformed to the general landscape, with populations
of high overall miRNA target levels having increased target sig-
natures across all miRNA families, underlying the notion that var-
iances in global miRNA activity, rather than dysregulations of in-
dividual miRNAs, were consequential in shaping intra-tumoral
heterogeneity (Figures S6K and S6L). While functional enrich-
ment revealed established cell-type-specific signatures, such
as enrichment of the Wnt/B-catenin pathway in ASCs and stem
cells (STMs) and increased G2M checkpoint/E2F target signa-
tures in the highly proliferative transit amplifying cells (TACs),
the clear dichotomy of miRNA target signature, even within the
same cell types, contributed to significant functional differences,
with cells of high miRNA target levels exhibiting increased pro-
tein secretion signature, IRES pathway upregulation, and Rho
GTPase activation (Figures S6M and S6N). Dichotomous
expression patterns of CK1/2 family kinases were also observed
in ASCs, SSCs, and GOBs, each with distinct cell clusters of
high/low expression within the same cell type that were of the
opposite trend to their miRNA target signatures (Figures 6E
and S60). Overall, expression of all CK1/2 kinases negatively
correlated with miRNA target signatures across various cell
types, corroborating the model that suppressed CK1/2 expres-
sion in tumors impairs global miRNA function to upregulated
miRNA targets (Figures 6F and S6P). Integrating patient mutation
profiles with scRNA-seq, we focused on samples with various K-
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RAS mutations, which were mostly in the ASCs with heightened
K-Ras pathway activation as expected (Figure 6G). K-Ras
mutant ASCs had decreased levels of all CK1/2 kinases, further
corroborating our proposed model that oncogenic K-Ras sup-
presses CK1/2 expression/activity and impairs global miRNA
function (Figure 6H). Taken together, our data underscored
the conservation of the K-Ras/Ago2/miRNA axis in human and
its contribution to both inter-patient and intra-tumoral
heterogeneity.

DISCUSSION

Oncogenic K-Ras triggers profound transcriptomic and proteomic
changes in vivo, yet our current understanding of signaling down-
stream of the activated GTPase offers limited mechanistic insight
into how these changes arise. Moreover, understanding the role
of K-Ras in miRNA-mediated post-transcriptional regulation has
been limited by both the lack of in vivo tools and ourincomplete un-
derstanding of miRNA biology. Using HEAP, we investigated the
impact of oncogenic K-Ras on the physiological miRNA target
landscape in vivo. Through comprehensive integration of chro-
matic accessibility, transcriptome, miRNA target profile, prote-
ome, and phospho-proteome in vivo, we uncovered a surprising
global suppression of miRNA function upon K-Ras hyperactiva-
tion, paradoxically upregulating hundreds of target genes. The
global de-repression of miRNA targets by oncogenic K-Ras was
not due to changes in the abundance of miRNAs or the status of
functional RISC, but rather through the dysregulation of Ago2 ac-
tivity itself. Mechanistically, K-Ras®'2P induced suppression of
Csnk1a1/Csnk2a1 to potentially downregulate Ago2 phosphoryla-
tion at Ser825/829/832/835. Hypo-phosphorylated Ago2 exhibits
heightened affinity for mRNA target transcripts, resulting in the
expanded miRNA target repertoire identified by HEAP. However,
this increased binding between Ago2 and mRNA sequestered dy-
namic and functional Ago2:miRNA complex in a small portion of
mRNA, leaving the majority of transcripts un-regulated. This ulti-
mately contributed to the global de-repression of miRNA target
genes in colonic tissues with hyperactivated K-Ras signaling.

Consistent with the work we describe in this study, prior cir-
cumstantial connections between K-Ras and global suppression
of miRNA activity in vivo have been reported. We previously
demonstrated that the expression of oncogenic K-Ras induced
loss of terminally differentiated Paneth cells in the distal small in-
testine,®’ which was phenocopied by expressing the miRNA
suppressive peptide T6B in the intestinal epithelium.?’ More-
over, the suppression of global miRNA activity in T6B-express-
ing colonic epithelium rendered mice hypersensitive to colonic
damage induced by dextran sodium sulfate (DSS), a phenotype
that is also observed when K-Ras®'2P is expressed.?’ The sim-
ilarities between these two mouse models suggest that K-Ras
could contribute to homeostatic cellular differentiation and the
response to pathological stress in the intestinal epithelium by
regulating the miRNA network.

Despite their broad targeting, miRNAs are unlikely to always
regulate all potential targets. Mechanisms specifying the miR-
NA:mRNA targeting profile under different conditions remain un-
clear. Efforts to characterize the physiological function of miRNAs
in vivo led to the emerging appreciation of the context-specific
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nature of mMiRNA activity. For example, genetic deletion of Dicer, a
critical component of miRNA biogenesis machinery, was embry-
onically lethal due to differentiation defect.* Yet, global inhibition
of miRNA function in most adult mouse tissues exhibited no clear
histologic phenotypes,®’ suggesting that, while crucial during
development, miRNA function was dispensable in adult tissues.
Given the profiling of physiologic miRNA targets in our study, a
particularly interesting outcome is the identification of miR-1794-
5p as an abundant and active miRNA in the colonic tissues, since
it has not been extensively characterized in cell culture systems.
This underscores the importance of tissue- and context-specific
investigation of miRNA functions.

Investigations of miRNA functions regularly follow a linear axis,
focusing on changesinjust one or a few miRNA target genes. miR-
NAs are considered “fine tuners” of cellular signaling, as they do
not necessarily exert a strong influence on the expression of anin-
dividual gene, but rather induce small changes across many tar-
gets.? Therefore, a system biology approach is necessary to un-
derstand miRNA activities holistically. By integrating chromatin
landscape, miRNA target profile, transcriptome, and proteome,
we unraveled the transcription-independent global de-repression
of miRNA targets in tissues expressing oncogenic K-Ras that up-
regulated hundreds of genes/proteins post-transcriptionally, illu-
minating another aspect of K-Ras signaling. Previous studies
demonstrated that suppression of global miRNA levels was asso-
ciated with malignancies.® Nevertheless, given the scale of genes
affected by the global de-repression of miRNA targets, it is limiting
to simply pigeonhole the miRNA network as “pro-" or “anti-”
tumorigenic. Rather, understanding the ultimate biological effects
of broad dysregulation of miRNAs requires systematic dissection
of the affected target genes.

In summary, our study presents the in vivo characterization of
the impact from a single mutation (oncogenic K-Ras) on the
physiological miRNA activity landscape. We demonstrate the
global suppression of miRNA activity upon hyperactivation of
K-Ras that leads to the de-repression of hundreds of miRNA
target genes. Our results clarify the underlying mechanism that
connects K-Ras to widespread post-transcriptional regulation
of gene expression, serving as a foundation to further charac-
terize the influence of oncogenic signaling pathways on the non-
coding RNA network.

Limitations of the study

While this study proposes that the global suppression of miRNA
activity by oncogenic K-Ras could be attributed to hypo-phos-
phorylation of Ago2 (Ser825-835), direct quantification of these
phosphorylations in tissues was technically challenging. Due to
its rapid dephosphorylation by the Ankrd52/Ppp6c complex,
Ago2 (Ser825-835) is largely unphosphorylated at steady state.
The development of methods for higher sensitivity detection
and measurement of phosphorylation in complex environments
could further validate the proposed mechanism.

Furthermore, our study demonstrates that oncogenic K-Ras
suppresses Csnklal/Csnk2al and global miRNA activity.
Much of the downstream mechanism connecting hyperactive
K-Ras signaling to these phenotypes remain unresolved. Several
pathways downstream of K-Ras such as MAPK and PI3K/AKT
play critical roles in mediating various oncogenic phenotypes
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and are attractive candidates for further investigation. Studies
with a detailed dissection of downstream effectors in vivo are
needed to fully elucidate oncogenic K-Ras-mediated global sup-
pression of miRNA activity.
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This paper

LS-C359019; RRID: AB_2940852
8738; RRID: AB_2797653
sc-514942; RRID: AB_2940853
A32735; RRID: AB_2633284
A21058; RRID: AB_2535724

NA

Ki67 Cell Signaling Technology 12202; RRID: AB_2620142
p-Erk(Thr202/Tyr204) Cell Signaling Technology 9101; RRID: AB_331646
Lysozyme ThermoFisher RB-372-A1; RRID: AB_138387
E-Cadherin BD Biosciences 610181; RRID: AB_397580
B-catenin Cell Signaling Technology 9562; RRID: AB_331149
Envision+ HRP conjugated anti-rabbit Agilent K400311-2; RRID: AB_2827819
polymers

Alexa Fluor 647 Goat anti-Rabbit IgG Invitrogen A21244; RRID: AB_2535812
Alexa Fluor 488 Goat anti-Rabbit IgG Invitrogen A11034; RRID: AB_2576217
Alexa Fluor 594 Goat anti-Mouse IgG2a Invitrogen A21135; RRID: AB_2535774
Chemicals, peptides, and recombinant proteins

4-hydroxytamixofen (4-OHT) Sigma-aldrich T176

Advanced DMEM/F12 GIBCO 12634028

B-27 GIBCO 17504044

N-2 GIBCO 17502048

Glutamax GIBCO 35050061

HEPES GIBCO 15630080

Nicotinamide Sigma-aldrich N0636

N-Acetylcysteine Sigma-aldrich AQ0737
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REAGENT or RESOURCE SOURCE IDENTIFIER
[Leu15]-Gastrin | Human Sigma-aldrich G9145
A83-01 Sigma-aldrich SMLO0788
SB-202190 Sigma-aldrich S7067
Recombinant human EGF ThermoFisher PHGO0311
Prostaglandin E2 Sigma-aldrich P0409
Primocin InvivGgen ANT-PM-1
Noggin PeproTech 25038250UG
Bioplex lysis buffer Bio-rad 171304011
cOmplete™ EDTA-free protease inhibitor Millipore-Sigma 11873580001
cocktail

Histo-Clear National Diagnostics HS2001GLL
pHB6.1 target retrieval solutions Dako S1699

pH9 target retrieval solutions Dako S2367
DAPI BD Biosciences 564907
HaloLink resin Promega G1914
Protease Inhibitor Promega G6521
RNasin Ribonuclease Inhibitor Promega N2515
HaloTEV protease Promega G6602
Phosphatase inhibitor cocktail 2 Sigma-aldrich P5726
Phosphatase inhibitor cocktail 3 Sigma-aldrich P0044
Ago2_816-838 peptide GenScript N/A
Ago2_816-838(S825A) peptide GenScript N/A
Ago2_816-838(pS829) peptide GenScript N/A
Lipofectamine RNAIMAX Invitrogen 13778150
RQ1 DNase Promega M6101
Ago2_816-838 peptide with heavy R838 Pierce AQUA peptide N/A
Ago2_816-838 (pSer825) peptide with Pierce AQUA peptide N/A

heavy R838

Ago2_816-838 (pSer829) peptide with Pierce AQUA peptide N/A

heavy R838

Growth Factor Reduced (GFR) Matrigel Corning 354230
Critical commercial assays

RNeasy Plus Mini Kit Qiagen 74143
NEBNext Poly(A) mRNA Magnetic Isolation NEB E7490
Module

NEBNext Ultra Directional RNA Library Prep NEB E7760

kit for lllumina

ATAC-Seq kit ActiveMotif 53150
mirVana miRNA isolation kit Invitrogen AM1560
Tagman Advanced miRNA cDNA Applied Biosystems A28007
Synthesis kit

Superose 6 Increase 10/300 Column Cytiva 29091596
High-Capacity cDNA Reverse ThermoFisher 4368813
Transcription kit

TagManTM Universal PCR Master Mix ThermoFisher 4318157
CellTiter-Glo 3D Promega G9683
Deposited data

RNA-Seq (colonic epithelium) This paper GEO: GSE189705; subseries: GSE189702
RNA-Seq (colonic tumor) This paper GEO: GSE189705; subseries: GSE189704

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-Seq (T6B expressing colon) La Rocca et al.”’ GEO: GSE179588

ATAC-Seq (colonic epithelium and tumor) This paper GEO: GSE189705; subseries: GSE189699
HEAP (colonic epithelium) This paper GEO: GSE189705; subseries: GSE189700
HEAP (colonic tumor) This paper GEO: GSE189705; subseries: GSE189701
scRNA-Seq (human colonic adenoma) Chen et al.°® https://data.humantumoratlas.org/

Mouse reference genome: Ensembl ftp://ftp.ensembl.org/pub/release-92/fasta/

Mus_musculus.GRCm38

Proteomics (colonic epithelium and tumor)

Phospho-proteomics (colonic epithelium
and tumor)

Brubaker et al.**

Brubaker et al.**

mus_musculus/dna/Mus_musculus.
GRCm38.dna.primary_assembly.fa.gz

ProteomeXchange Consortium PRIDE
partner repository: PXD013922
ProteomeXchange Consortium PRIDE
partner repository: PXD013922

DepMap 21Q2 Public+Score, CERES DepMap https://depmap.org/portal/
Experimental models: Cell lines

Cell: MEFHalo-Ago2/+ Li et al.?® N/A

Cell: Ago2”" HCT116 Golden et al.*® N/A
Organoid: Villin®eEF"*; Apc™™ This paper N/A
Organoid: Villin®eER"*; Apc™; This paper N/A
K-ragtSL-G12D/+

Organoid: Villin®°&f"*; Apc™": Ankrd527" This paper N/A
Organoid: Villin®°&R"*; Apc™": K-rastSt- This paper N/A

G120/ Ankrd52™"

Experimental models: Organisms/strains

Mouse: Cg-Ago2im?-1(PhaAyAven, The Jackson Laboratory JAX: 034467
(HaloLSL-Agoz)

Mouse: Cg-Tg(Vil1-cre/ERT2)23Syr/J The Jackson Laboratory JAX: 020282

(Villin®reER)

Mouse: Tg(Fabp1-cre)1Jig/Nci (Fabp1°)
Mouse: Apc™2-1Rak/Ngi (Apc2'o*14)
Mouse: Kras'™*™/Nci (Kras-S-"412D)

NCI Mouse Repository
NCI Mouse Repository
NCI Mouse Repository

Strain 01XD8
Strain 01XP3
Strain 01XJ6

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

pFastBac-Csn2a1 This paper N/A

lentiCRISPR v2 Addgene 52961

lentiCRISPR v2-Ankrd52-sgRNA1 This paper N/A

lentiCRISPR v2-Ankrd52-sgRNA2 This paper N/A

lentiCRISPR v2-Ankrd52-sgRNA3 This paper N/A

pMD2.G Addgene 12259

psPAX2 Addgene 12260

Software and algorithms

ImageStudioLite (v5.2.5) Li-Cor N/A

OMERO OMERO https://www.openmicroscopy.org/omero/
Cutadapt (1.14) Martin®® https://cutadapt.readthedocs.io/en/stable/
STAR (2.5.2b) Dobin et al.®’ https://github.com/alexdobin/STAR

SAMtools (1.3.1)
seqcluster (1.2.4a7)
CLIPanalyze(0.0.10)

Danecek et al.®®

Pantano et al.®®

Liet al.”®
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SOURCE

IDENTIFIER

GenomicRanges (1.40.0)

Rsubread (2.2.6)

DESeq2 (1.28.1)

isomiRs (1.16.2)

HOMER de novo motif discovery
clusterProfiler (3.16.1)

Salmon (1.4.0)

Bcbio

CHIPseeker (1.28.3)

GSEA (4.0.3)

GSVA (1.38.2)

Seaborn

Scipy
limma (3.52.2)

Code for the analysis of ATAC-Seq (colonic
epithelium)

Code for the analysis of ATAC-Seq
(colonic tumor)

Code for the analysis of RNA-Seq (colonic
epithelium)

Code for the analysis of RNA-Seq

(colonic tumor)

Code for the analysis of RNA-Seq

(T6B colon)

Code for the analysis of Proteomics (colonic
epithelium)

Code for the analysis of Proteomics
(colonic tumor)

Code for the analysis of HEAP (colonic
epithelium)

Code for the analysis of HEAP

(colonic tumor)

Lawrence et al.**

Liao et al.®®

Love et al.®®

N/A

Heinz et al.?”
Yu et al.%®

Patro et al.®®

https://doi.org/10.5281/
zenodo.3564938

Wang et al.”®

Subramanian et al.”’

Hanzelmann et al.”?

https://doi.org/10.5281/
zenodo.592536

Virtanen et al.”®

|.74

Ritchie et a

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

https://bioconductor.org/packages/
release/bioc/html/GenomicRanges.html

https://bioconductor.org/packages/
release/bioc/html/Rsubread.html

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://www.bioconductor.org/packages/
release/bioc/html/isomiRs.html

http://homer.ucsd.edu/homer/motif/

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://salmon.readthedocs.io/en/latest/
salmon.html

https://bcbio-nextgen.readthedocs.io/en/
latest/contents/atac.html

https://bioconductor.org/packages/
release/bioc/html/ChlPseeker.html

https://www.gsea-msigdb.org/gsea/
index.jsp
https://bioconductor.org/packages/
release/bioc/html/GSVA.html
https://seaborn.pydata.org
https://scipy.org
http://bioconductor.org/packages/release/
bioc/html/limma.htmlhttp://bioconductor.
org/packages/release/bioc/html/
limma.html
https://doi.org/10.5281/zenodo.7994801
https://doi.org/10.5281/zenodo.7996259
https://doi.org/10.5281/zenodo.7996289
https://doi.org/10.5281/zenodo.7996279
https://doi.org/10.5281/zenodo.7996300
https://doi.org/10.5281/zenodo.7996298
https://doi.org/10.5281/zenodo.7996292

https://doi.org/10.5281/zenodo.7996283

https://doi.org/10.5281/zenodo.7996287

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kevin M.

Haigis (Kevin_Haigis@dfci.harvard.edu).
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Materials availability
Custom reagents generated in this study are available by request from the lead contact.

Data and code availability
® Allsequencing data generated in this study have been deposited in NCBI Gene Expression Omnibus (GEOQ). All data are publicly
available as of the date of publication. Accession numbers and DOI are listed in the key resources table.
® All custom code has been deposited to GitHub and Zenodo. DOI are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models

The generation of Ago2-S-3° mouse was previously reported®® and the animal is available from Jackson Laboratory (Stock No.
034467). Villin®®" mice were obtained from Jackson Laboratory (Stock No. 020282). Fabp1°™ (Strain 01XD8), Apc?*4 (Strain
01XP3), and Kras-S:-G72P (1) mice were obtained from the NCI Mouse Repository. Mice were fed ad libitum, housed in a barrier facility
with a temperature-controlled environment and twelve-hour light/dark cycle. All mice used in this study were maintained in a primarily
C57BL/6 Background. All experiments involving mice ensured equal representations of both male and female animals in the control
and experimental groups. All experiments were performed using sexually mature animals between 8-14 weeks of age. All experi-
ments involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) at Beth Israel Deaconess Med-
ical Center and Dana-Farber Cancer Institute. IACUC guidelines regarding the ethical use and care of animals were followed.

Cell lines and cell culture conditions

Cell cultures were maintained in humidified incubators with 5% CO, at 37°C. The generation of MEFs expressing Halo-Ago2 (MEF™4)
was previously described.?® Ago2”~ HCT116 cells expressing various FH-AGO2 variants were a generation gift from Dr. Joshua Men-
dell (University of Texas Southwestern Medical Center). NIH-3T3 cells were acquired from ATCC (CRL-1658). MEFs, NIH-3T3, and
293T cells are cultured in DMEM (GIBCO) containing 10% FBS, penicillin/streptomycin (100 U/mL) and L-glutamine. HCT116 cells
were cultured in McCoy’s 5a Medium (GIBCO) containing 10% FBS, penicillin/streptomycin (100 U/mL).

Organoid lines and culture conditions

Organoid cultures were maintained in humidified incubators with 5% CO, at 37°C. Matrigel (Corning #354234) was used to maintain
3D culture. Colonic organoids were established from Villin®*c%*; Apc™" (control) and Villin®E%"*; Apc™": K-rastS-G72P/* (experi-
mental) animals. Loss of Apc and expression of K-Ras®'?P was induced via 4-hydroxytamixofen (4-OHT, 1uM, Sigma-aldrich
#T176) treatment for 2 weeks to transform them into tumor organoids. The selection was achieved through depletion of Wnt and
R-spondin in the culture media. These tumor organoid lines were cultured in a nutrient-rich media: Advanced DMEM/F12 (GIBCO
#12634028) containing 0.5X B-27 (GIBCO #17504044), 0.5X N-2 (GIBCO #17502048), 1X Glutamax (GIBCO # 35050061), 10mM
HEPES (GIBCO # 15630080), 10mM Nicotinamide (Sigma-aldrich #N0636), 500nM N-Acetylcysteine (Sigma-aldrich #A0737),
50nM [Leu15]-Gastrin | Human (Sigma-aldrich #G9145), 500nM A83-01 (Sigma-aldrich #SML0788), 10uM SB-202190 (Sigma-aldrich
#S7067), 50ng/ml Recombinant human EGF (ThermoFisher #PHG0311), 1uM prostaglandin E2 (Sigma-aldrich #P0409), 100pg/ml
Primocin (InvivGgen #ANT-PM-1), 10% FBS, and 100ng/ml Noggin (PeproTech #25038250UG).

METHOD DETAILS

Mouse tissue collection

Given the colon and distal ileum specific expression of Fabp1©, colonic epithelium tissues from Fabp 1™ (control) and Fabp1¢7/*;
K-rastSt-G12P+ (experimental) mice were harvested. Epithelial surface of 8-12 weeks old control and experimental mice are scraped
with a razor blade and scraped tissues were flash-frozen in liquid nitrogen for RNA-Seq, ATAC-Seq, and Western blotting of endog-
enous proteins. Colons used for histological examinations were opened longitudinally and rolled from distal to proximal as a "swiss-
roll" and fixed in 4% Formalin overnight before being embedded in paraffin.

Villin®ER"*: Apc™ (control) and Villin®®+; Apc™": K-rastSt-G72P/+ (experimental) animals were used as the colorectal cancer
model in this study. Colonic tumors in 8-12 weeks old animals were induced via enema of 200l 4-hydroxytamoxifen (4-OHT,
5mg/mlin 100% ethanol). Tumor tissues were harvested in moribund animals (1-2 weeks post-induction) by scraping the colon tumor
lawn with a razor blade. Tissues used for RNA-Seq, ATAC-Seq, and Western blotting were flash-frozen in liquid nitrogen. Tumor car-
rying colons used for histological examinations were opened longitudinally and rolled from distal to proximal as a "swiss-roll" and
fixed in 10% formalin overnight before being embedded in paraffin.

Colonic epithelium and tumor tissues with Ago2-S--Ha/o/+ were collected for HEAP and Halo-Ago2 characterization experiments.
For HEAP, the collected colonic epithelium and tumor tissues were UV-crosslinked before being flash-frozen in liquid nitrogen.
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Collected tissue from each animal was minced and resuspended in ice-cold PBS in a 6¢cm petri-dish. Tissue suspension was cross-
linked in a UV Stratalinker 2400 at 400mJ/cm? three times on the ice. The tissue was then pelleted, and flash frozen for HEAP.

Western blotting

Primary antibodies against the following targets were used for Western blotting: Ras (Millipore #05-516, 1:1000), Ras®'2P (Cell
Signaling Technology (CST) #14429, 1:1000), K-Ras (Millipore #OP-24, 1:100, specificity validated by Waters et al.”®), Gapdh
(CST #5174, 1:1000), Erk (CST #4696, 1:1000), p-Erk(Thr202/Tyr204) (CST #4377, 1:1000), Vinculin (CST #13901, 1:1000), Mek
(CST #4694, 1:1000), p-Mek(Ser217/221) (CST #9121, 1:1000), Ago2 (CST #2897, 1:1000), HaloTag (Promega #G9211, 1:1000),
Tubulin (Calbiochem #CPO06, 1:10,000), Tnrc6a (Bethyl Laboratories #A302-329A-M, 1:1000), Csnk1a1l (Santa-Cruz Biotechnology
#sc-74582, 1:1000), Csnk2a1 (CST #2656, 1:1000), Ppp6c (Abcam #ab131335, 1:1000), Ankrd52 (LSBio #LS-C483018, 1:1000),
Hsp90ab1 (CST #5087, 1:1000), p-Hsp90ab1(Ser226) (LSBio #LS- C359019, 1:1000), CK2 phospho-motif (CST #8738, 1:1000),
Csnk1d (Santa-Cruz Biotechnology #sc-514942, 1:1000). The following secondary antibodies were used: Alexa Fluor Plus 800
Goat anti-Rabbit IgG (Invitrogen #A32735) and Alexa Fluor 680 Goat anti-Mouse IgG (Invitrogen #A21058).

Tissue samples used for Western blotting were powderized. Bioplex lysis buffer (Bio-rad #171304011) with 1X cOmplete™ EDTA-
free protease inhibitor cocktail (Millipore-Sigma #11873580001) was used to lyse the samples. Sample lysates were incubated at 4°C
with gentle rocking for one hour before being clarified through centrifugation. Protein concentrations of each sample were deter-
mined by BCA assay before being subjected to SDS-PAGE followed by blotting with the indicated antibodies. Intercept (PBS) block-
ing buffer and antibody diluent were used (Li-Cor #927-76003). Diluted primary antibodies were incubated with the blots overnight at
4°C. Secondary antibodies were incubated at room temperature for 1 hour. Signal was detected using Li-Cor Odyssey CLX (LI-COR
Biotechnology, Lincoln, Nebraska, USA) and analyzed using ImageStudioLite (version 5.2.5). Phospho signals were normalized to
total protein levels. All protein signals were normalized to K-Ras"'" or control samples.

Histological characterizations

Antibodies

Primary antibodies against the following targets were used for immunohistochemistry (IHC) or immunofluorescence (IF): Ras®12P
(CST #14429, 1:50), Ki67 (CST #12202, 1:400), p-Erk(Thr202/Tyr204) (CST #9101, 1:250), Lysozyme (ThermoFisher # RB-372-A1,
1:200), E-Cadherin (BD Biosciences #610181, 1:750), B-catenin (CST #9562, 1:800). Secondary antibodies used in IHC was
Envision+ HRP conjugated anti-rabbit polymers (Agilent #K400311-2). Secondary antibodies used in IF included Alexa Fluor 647
Goat anti-Rabbit IgG (Invitrogen #A21244), Alexa Fluor 488 Goat anti-Rabbit IgG (Invitrogen #A11034), and Alexa Fluor 594 Goat
anti-Mouse IgG2a (Invitrogen #A21135).

H&E

Tissue sections (5um) were deparaffinized in a standard Histo-Clear (National Diagnostics #HS2001GLL) and ethanol series. Stan-
dard hematoxylin and eosin standing protocol were followed.

Immunohistochemistry and immunofluorescence

Tissue sections (5um) were deparaffinized in a standard Histo-Clear (National Diagnostics #HS2001GLL) and ethanol series. Depar-
affinized tissue sections (5pm) were subjected to antigen retrieval using target retrieval solutions of citrate pH6.1 (Dako #S1699) or
pH9 (Dako #S2367). For IHC, tissue sections were incubated with Peroxidase and Alkaline Phosphatase Blocking Reagent (Agilent
#5200389-2) for 5 minutes at room temperature following antigen retrieval. Sections were then incubated with Protein Block, Serum-
free (Dako #X0909) for 20 minutes at room temperature. Primary antibodies were diluted in Antibody Diluent (Agilent #5302283-2) and
incubated with tissue sections overnight at 4°C. Following primary antibody application, Envision+ HRP conjugated anti-rabbit poly-
mers (Agilent #K400311-2) were applied to the sections for 30 minutes at room temperature. Liquid DAB+ substrate (Agilent #
K346811-2) was used to develop signals of the target protein. Samples were mounted with Permount (Fisher #SP15-100). Slide im-
ages were acquired using the Olympus VS120 slide scanner (Olympus Life Sciences). Image processing was completed with
OMERQO (https://www.openmicroscopy.org/omero/). For IF, tissue sections were incubated with protein block (DAKO) for 20 minutes
at room temperature following antigen retrieval. Primary antibodies were diluted in Antibody Diluent (DAKO) and incubated with slides
overnight at 4°C. Secondary antibodies and DAPI (BD Biosciences #564907, 1:1000) were diluted in Antibody Diluent (Dako) and
centrifuged at max speed in a tabletop centrifuge at room temperature for 5 minutes to remove fluorophore aggregates. Diluted sec-
ondary antibody/DAPI solution was then applied to tissue sections for 1 hour at room temperature shielded from light. Samples were
mounted with Prolong Diamond (ThermoFisher # P36961). Slide images were acquired using the Olympus VS120 slide scanner and
processed using OMERO.

HEAP library preparation

UV-crosslinked and flash-frozen pellets of Halo-Ago2 expressing colonic epithelium and tumor +/- K-Ras®'2P were used for HEAP.
For the colonic epithelium HEAP, three samples each were prepared from K-Ras"T or K-Ras®'2P tissues. Due to K-Ras®'?P induced
hyperplasia in the colon, tissue samples from twelve K-Ras"T mice or three K-Ras®'2P mice were pooled into each sample to ensure
the mass balance of tissue inputs. For the colonic tumor HEAP, three samples each were prepared from K-Ras"' or K-Ras®'P tis-

sues, with three K-Ras"™ mice or three K-Ras®'2P mice pooled into each sample.
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The preparation of HEAP included HEAP and Input Control (IC) libraries was performed as previously described.?® To briefly sum-
marize, frozen tissue sample pellets were powderized, weighed, and pooled to ensure the mass balance of inputs. Tissue powders
were then lysed in Mammalian lysis buffer (Promega #G9381) with 1X Protease Inhibitor Cocktail (Promega #G6521). Sample lysates
were then treated with sequential DNase (Promega #M610A) and mild RNase (ThermoFisher #£EN0531) digestion. Lysates were
passed through a 26-gauge needle and clarified via centrifugation. 2% of cleared input lysate was saved from each sample for IC
library construction. The remaining lysates were diluted in TBS (3:7) and subjected to Halo-Ago2 pulldown using the HaloLink Resin
(Promega #G1914). Ago2:RNA complexes on the resin were treated with Alkaline phosphatase (Promega #M182A) to dephosphor-
ylate RNA 3’ end before 3’ RNA linker ligation using T4 RNA ligase (NEB #M0204). T4 PNK (NEB #MO0201) treatment was then per-
formed to phosphorylate RNA 5’ end before RNA isolation and 5’ RNA linker ligation with T4 RNA ligase. RNA isolation was done
following protease K digestion of the Ago2 protein to release capture mRNA and miRNA. RNA was then purified through phenol-chlo-
roform precipitation. Ligated 5’ linker contained unique random barcodes that were used to remove read duplicates from PCR in sub-
sequent analysis. RT PCR was performed on purified RNA with both 3’ and 5’ linkers ligated using SuperScript Il Reverse Transcrip-
tase (Invitrogen #18080044). Diagnostic PCR was performed on each sample to determine the optimal cycles of amplification. For
colonic epithelium HEAP, 21 cycles were used for all samples. For colonic tumor HEAP, 19 cycles were used for all samples except
one K-Ras™ and one K-Ras®'2P sample were amplified with 21 cycles. Amplified samples were subjected to TBE-Urea PAGE. For
each sample, a prominent band at ~60bp was gel extracted as it contained Ago2-bound miRNA and was subsequently prepared and
sequenced as the miRNA library. DNA from 75-200bp was gel extracted as it contained Ago2-bound mRNA and was subsequently
prepared and sequenced as the HEAP library. Index PCR was performed on Isolated miRNA and mRNA samples using previously
described custom index primers®® and modified 5 primer DSFP5-PE (AATGATACGGCGACCACCGAGATCTACACCTA
TGGATACTTAGTCAGGGAGGACGATGCGG), ensuring sequencing compatibility with the NextSeq 500 platform. For the IC library,
saved input lysate was treated with Alkaline Phosphatase and T4 PNK and underwent 3’ and 5’ linker ligation as described above.
Ligated RNA was extracted using Dynabeads™ MyOne™ Silane (Invitrogen #37002D) and purified with phenol-chloroform precip-
itation. RT, diagnostic, and amplification PCR was performed as described above. DNA from the 60-200bp range of the TBE-
Urea PAGE gel was gel extracted as IC samples. Index PCR was performed for IC samples as described above. Indexed miRNA,
HEAP, and IC libraries were further size selected and purified via TBE PAGE. Single-read sequencing of the purified libraries was
performed on the NextSeq 500 platform (lllumina) with High Output and 75 cycles using custom sequencing primer SSP1
(CTATGGATACTTAGTCAGGGAGGACGATGCGG).

RNA-seq library preparation

Flash-frozen colonic epithelium and tumor tissues +/- K-Ras®'2P were powderized in liquid nitrogen using a tissue homogenizer.
RNeasy Plus Mini Kit (Qiagen #74143) was used to extract RNA from tissue following the manufacturer’s instructions. RNA concen-
tration and quality were determined by Agilent Bioanalyzer/TapeStation. 1ug of RNA with RIN > 7 from each sample was used as
input for RNA-Seq library preparation. Poly-A enrichment was performed using NEBNext Poly(A) mRNA Magnetic Isolation Module
(NEB #E7490). RNA-Seq library was prepared using NEBNext Ultra Directional RNA Library Prep kit for lllumina (NEB #E7760)
following the manufacturer’s instructions. Quality control of the libraries was done using Agilent TapeStation and gPCR. Single
read sequencing of the libraries was done on NextSeq 500 (lllumina) with High Output and 75 cycles.

ATAC-seq library preparation

20-30mg of flash-frozen colonic epithelium and tumor tissues +/- K-Ras were used as input without being powderized. Tissue
samples were minced on ice in ice-cold PBS before lysis and nuclei isolation. 100,000 nuclei from each sample were used as input for
tagmentation. Libraries were constructed using the ATAC-Seq kit (ActiveMotif #53150) following the manufacturer’s protocol. Quality
control of the libraries was done using Agilent TapeStation and gPCR. Pair-end sequencing of the libraries was done on NovaSeq
6000 (lllumina) with V1.5 S1 100 cycles kit (50 cycles each end).

G12D

miRNA gPCR

30mg of powdered frozen tissues were used as input for total RNA extraction (MRNA + small RNAs) using the mirVana miRNA isola-
tion kit (Invitrogen #AM1560) following manufacturer’s protocol. miRNA cDNA was synthesized using Tagman Advanced miRNA
cDNA Synthesis kit (Applied Biosystems #A28007). Tagman Advanced miRNA Assays were performed using synthesized cDNA
and the following Tagman probes: miR-200b-3p (mmu482918_mir), miR-200c-3p (mmu482938_mir), miR-429-3p (mmu481162_
mir), miR-29a-3p (478587_mir), miR-29b-3p (mmu481300_mir), miR-29¢c-3p (Mmu479229_mir). miR-186-5p (mmu480966_mir)
was recommended and selected and loading control.

Halo-Ago2 pull-down qPCR

Powdered colonic epithelium and tumor tissues +/- K-Ras were used as inputs. This is performed using a modified version of a pre-
viously published protocol.”® 50mg of tissue was lysed on ice in 500pl of G buffer (25mM Tris pH8, 150mm NaCl, 2mM MgCl,, 0.5%
IGEPAL-CAB30, 1TmM DTT) with 1X Protease Inhibitor (Promega # G6521), 250U/ml RNasin Ribonuclease Inhibitor (Promega #N2515),
and 10mM sodium pyrophosphate. Lysis was performed by gentle grinding of tissue in lysis buffer to avoid complex disassembly. Lysates
were cleared by centrifugation and protein concentrations of all samples were normalized following BCA assay to ensure equal protein
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input. 4% lysate was saved as input from each sample, with half designated for qPCR as input and half used for Western blotting. Lysates
were incubated with HaloLink resin (Promega #G1914) overnight at 4°C. Lysates with resin were then spun down to remove the unbound
fraction, with 2% saved for Western blotting. Resins were washed with 4 short washes (inverting the tube) and 1 long wash (rotated for
5 minutes at room temperature) using G buffer. Ago2:RNA complex on the resin was recovered by HaloTEV protease cleavage (Promega
#G6602). 80% of the eluate was used for RNA extraction and gPCR and the remaining 20% was used for Western blotting. 2% input, 2%
unbound, and 20% eluate was used for WB and the amounts of Ago2 recovered from each sample were used to normalize the amount of
RNA pulled down by Ago2. RNA was extracted from 2% input and 80% eluate and qPCR was performed using the following Tagman
probes: Sema7a (MmO01171206_g1), Dhrs9 (MmO00615706_m1), Egfr (Mm01187858_m1), Cldn4 (Mm01196224_s1), Ctsd
(Mm00515586_m1), Abhd17b (Mm01197077_m1), Nt5c1a (Mm01192250_m1), S100a16 (Mm00509523_g1), Fth1 (Mm04336020_g1),
B2m (Mm00437762_m1), Ly6g (Mm07306432_mH), Abcb1a (Mm00440761_m1), Gsta4 (Mm00494803_m1), Tns4 (Mm00553421_m1),
S100a14 (MmO04206817_g1), Rplp2 (MmO03059047_gH), Usp24 (MmO01256454_m1), Itga2 (Mm00434371_m1), Myof (MmO0O06
21780_m1), Geca (MmM00521120_m1), Pisd (Mm00624052_m1).

Halo-Ago2 pull-down

Powdered colonic epithelium and tumor tissues +/- K-Ras®'2P were used as inputs. Pull down was performed similarly to the Halo-
Ago2 pulldown gPCR experiment using K buffer 20mM Tris pH 7, 5mM EDTA, 150mM NaCl, 1% Triton X100, 1mM DTT), which was
previously shown to support Ras-Ago2 association.*>”® K buffer with 1X protease inhibitor (Promega # G6521) and 10mM sodium
pyrophosphate as phosphatase inhibitor was used for tissue lysis. Lysate inputs were normalized. 3% input, 3% unbound, and all
eluates were used for Western blotting. Tnrc6a in the eluates were normalized to Ago2.

Size exclusion chromatography

Frozen cell pellets and powdered colonic epithelium and tumor tissues +/- K-Ras were used as inputs. RISC analysis using this
method has been described previously.?° To briefly summarize, cell pellets or 50mg of tissue was lysed in S6 buffer (10mM Tris pH
7.5, 150mM NaCl, 2.5mM MgCl,, 0.01% Triton X100, 1mM DTT) with 1X protease inhibitor (Promega # G6521), and 1X phosphatase
inhibitor cocktail 2&3 (Sigma #P5726 & #P0044). Lysis was performed by gentle grinding of tissue in lysis buffer to avoid RISC disas-
sembly. Lysates were cleared by centrifugation. Protein concentrations were evaluated to ensure similar input in each chromatog-
raphy experiment and 2% lysate was saved as input. 0.5mg of lysate protein was loaded onto the Superose 6 Increase 10/300 Col-
umn (Cytiva #29091596) using the AKTA Pure platform (Cytiva) with 0.1ml/minute flow rate and S6 buffer as the running buffer. 1ml
fractions were collected. Proteins in each fraction were TCA precipitated before being re-suspended in PBS and prepared for SDS-
PAGE and Western blotting.

G12D

RT-qPCR

Powdered colonic tissues +/- K-Ras were used for RNA extraction. RNeasy Plus Mini Kit (Qiagen #74143) was used to extract
RNA from tissue following the manufacturer’s instructions. cDNA was synthesized using High-Capacity cDNA Reverse Transcription
kit (ThermoFisher # 4368813) with 1ug of RNA from each sample as inputs. gPCR was performed using TagManTM Universal PCR
Master Mix (ThermoFisher # 4318157) with the following probes: Csnk1al (Mm00521599_m1), Csnk2a1 (MmO00786779_s1), Gapdh
(Mm99999915_g1).

G12D

Protein expression and purification

Full-length, mouse CsnK2a1 (CK2) was cloned into pFastBac with a TEV-cleavable, N-terminal 6xHis tag and verified via Sanger
sequencing. Recombinant baculovirus was prepared and used to infect Sf9 insect cells. Post infection, cells were pelleted and re-
suspended in lysis buffer composed of 50 mM Tris pH 8.0, 300 mM NaCl, 1 mM tris(2-carboxyethyl) phosphine (TCEP), 0.2 mM phe-
nylmethylsulfonyl fluoride (PMSF), and 5% glycerol. Cells were lysed via sonication before ultracentrifugation at >200,000 g for 1 h.
The resulting clarified supernatant was flowed through Ni-NTA resin, and the resin was washed with lysis buffer supplemented with
40 mM imidazole before elution with lysis buffer containing 200 mM imidazole. Eluted CK2 was further purified via size exclusion
chromatography on a prep-grade Superdex S200 column in 50 mM Tris pH 8.0, 300 mM NaCl, 1 mM TCEP, and 5% glycerol. Frac-
tions containing CK2 were combined and concentrated to approximately 1 mg/mL and flash frozen.

In vitro peptide phosphorylation

Wild-type and S825A peptides spanning residues 816-838 of mouse Ago2 were synthesized (GenScript, NJ, USA). In vitro phosphor-
ylation contained 100 uM peptide and 5 uM purified CK2 in 50 mM Tris pH 8.0, 300 mM NaCl, 1 mM TCEP, 10 mM MgCI2, and 5%
glycerol. Reactions were initiated with 1 mM ATP and allowed to proceed overnight at room temperature. Dot blot was performed by
applying 2.5l of each peptide/kinase sample per dot on a nitrocellulose membrane. Membrane was air-dried for 1 hour at room tem-
perature after sample application. Standard western blotting procedure was followed afterwards. Custom antibody developed for
detecting p-Ago2(Ser825) was used as primary antibody at 1:500 dilution. Mass spectrometry (MS) based detection of Ago2
(Ser825) phosphorylation was performed using in vitro phosphorylation reactions described above but with wild-type (naked) or
p-Ago2(Ser829) peptide. Following incubation with ATP and CK2, peptides were diluted to 8M in Tris-HCI and desalted over a
C18 column. Samples were then dried via vacuum centrifugation and resuspended in 5% acetonitrile (MeCN)/1% FA and analyzed
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on an Ultimate 3000 RSLCnano system coupled to an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific). The peptides
were separated across a 30-min gradient of 6 to 95% MeCN in 1% FA over a 50-cm C18 column (ES803A, Thermo Fisher Scientific)
and electrosprayed (2.15 kV, 300°C) into the mass spectrometer with an EasySpray ion source (Thermo Fisher Scientific). Precursor
ion scans (380 to 1,500 m/z) were obtained in the orbitrap at 120,000 resolution in profile (RF lens % = 30, Max IT = 200 ms). Fragment
ion scans were collected with a 0.5 m/z isolation window, HCD (higher-energy C-trap dissociation) at 30% NCE (normalized collision
energy), 30,000 orbitrap resolution, and with charge states ranging from z = 1+ to z = 5+. Proteome Discoverer 2.4 (Thermo Fisher
Scientific) was used for .RAW file processing and controlling peptide false discovery rates. MS/MS spectra were searched against a
Uniprot human database (January 2021) with both the forward and reverse sequences, as well as known contaminants. Peptide
sequence and phosphorylation site localization were confirmed from fragment ion spectra and retention time, and precursor abun-
dances were quantified from extracted ion chromatograms and used to determine percent phosphorylation of Ser825 and Ser829
across samples. Experiments were conducted in triplicate.

Custom antibody development

Custom antibody against p-Ago2(Ser825) was developed by ThermoFisher. Rabbits were inoculated with Ago2 (819-830) peptide (C-
DKEHD(pS)AEGSH-amide) with phosphorylated Ser825 and KLH conjugation. Serum was purified from animal blood collected
72 days post inoculation. Polyclonal antibodies against Ago2(Ser825) phosphorylation was further purified by enrichment of anti-
bodies against p-Ago2(Ser825) peptide and negatively selection against non-phosphorylated Ago2(819-830) peptide. Purified anti-
body specificity was tested against p-Ago2(Ser825) peptide relative to the control non-phosphorylated Ago2 peptide using dot blot.
Custom antibody-based detection of p-Ago2(Ser825) from endogenous lysate was also attempted but yielded no clear signal
compared to the background due to antibodies’ low affinity to p-Ago2(Ser825) (Data not shown). Therefore, custom antibody was
only used for detecting p-Ago2(Ser825) in in vitro phosphorylation experiments.

Antibody validation
For validation of antibodies detecting protein, siRNA-mediated knockdown was performed in NIH-3T3 cells. Cells were transfected
with either scramble control siRNA or siRNAs targeting genes of interest using Lipofectamine RNAIMAX (Invitrogen #13778150). Cells
were harvested 96 hours post-transfection, pelleted, and flash-frozen for protein extraction. Cell pellets were lysed in RIPA buffer with
1X cOmplete™ EDTA-free protease inhibitor cocktail (Millipore-Sigma #11873580001) and 1X Phosphatase inhibitor cocktail 2&3
(Sigma #P5726 & #0044). Lysates were subjected to SDS-PAGE and Western blotting analysis. siRNA used are: si-Csnk1a1 (Dhar-
macon # L-062865-00-0005), si-Csnk2a1 (Dharmacon # L-058653-00-0005), si-Ago2 (L-058989-01-0005).

To validate phospho-specific antibodies, MEF cell lysates were aliquoted and lambda phosphatase (NEB #0753) treatment was
performed using one aliquot following the manufacturer’s instruction. Control and lambda phosphatase treated lysates were sub-
jected to SDS-PAGE and Western blotting analysis.

CRISPR knockout of Ankrd52

CRISPR-Cas9 mediated genetic knockout of Ankrd52 was carried out in MEF™* cells. Three sgRNAs targeting Ankrdr52 exon3
(9RNA1: GATGGGGACATCGCCTACGT, gRNA2: GTAGGCAGCAGCATGCAATG, gRNA3: CTGACATCAGTAGCAACTGG) were
cloned into lentiCRISPR v2 (LCV2) backbone (Addgene #52961). Lentivirus production was done in 293T cells with co-transfection
of LCV2-Ankrd52-sgRNAs with pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260). Viral supernatant containing was was
filtered and transferred to MEF™ cells with 8jg/ml polybrene. Infected cells were selected with 2pg/ml puromycin for 2 weeks before
single cell cloning and Western blotting validation of complete knockout.

Halo-Ago2 purification followed with MS

To purify Ago2 from MEF™ cells +/- Ankrd52, cells were cultured in 150mm dishes. For each line, 8 confluent 150mm dishes were
scraped in ice-cold PBS, pelleted, and flash-frozen in liquid nitrogen as input. Lysis of each pellet was performed in 5ml of Mamma-
lian lysis buffer (Promega #G9381) with 1X Protease Inhibitor (Promega # G6521) and 50mM NaF as phosphatase inhibitor. Lysates
were incubated on ice for 15 minutes before RQ1 DNase treatment (Promega #M6101). Lysates were then passed through a
26-gauge needle to reduce viscosity and diluted 1:4 in purification buffer (1mM DTT, 0.005% IGEPAL-CA630 in PBS). Diluted lysates
were cleared by centrifugation. BCA was performed on cleared lysates to normalize input protein amount across all samples. Lysates
were then incubated with HaloLink resin (Promega #G1914) overnight at 4°C. Resin with Ago2 was recovered after removal of the
unbound fraction after incubation. Samples were washed with wash buffer (500mM NaCl, 0.005% IGEPAL-CA630, 5mM EDTA,
5mM EGTA, 1mM DTT, in PBS) three times by mixing at 1200rpm for 10 minutes on a thermal shaker at room temperature. Resins
were then washed with purification buffer three times by mixing at 1200rpm for 5 minutes on a thermal shaker at room temperature.
Purified Ago2 was recovered from the resin through HaloTEV protease cleavage (Promega #G6602) that release Ago2 from the
HaloTag. Purified Ago2 was TCA precipitated and submitted to the Taplin Mass Spectrometry Facility at Harvard Medical School
for quantitative MS to measure Ago2 as well as Ser825/829 phosphorylation. Relative quantification of purified Ago2, as well as
Ago2 phosphorylation on the Ser825/829 site, was achieved by spiking in synthetic Ago2(Y816-R838) peptides with a heavy Arginine
during the MS run, both naked and with phosphorylations on Ser825 or Ser829 positions (Pierce AQUA peptide).
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Organoid viability assay

Organoids were cultured using Growth Factor Reduced (GFR) Matrigel (Corning #354230) in minimal organoid media: Advanced
DMEM/F12 containing 1X Glutamax, 100pg/ml Primocin, 10uM HEPES, 1X B-27, 1X N-2, 1mM N-Acetylcysteine, 0.5ng/ml EGF,
100ng/ml Noggin. K-Ras"™ and K-Ras®'2P colonic tumor organoids +/- Ankrd52 were trypsinized into single cells and re-suspended
in 10% GFR Matrigel in minimal media to a concentration of 20,000 cells/ml. Cell suspension was then plated into 384-well ultra-low
attachment plate with black wall and clear bottom with 400 cells/20ul/well. 48 replicate wells were plated for each line and empty
control. Three replicate plates were plated each round and each plate was used for viability readout using EVOs microscope and
CellTiter-Glo 3D (Promega #G9683) every 24 hours following manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Histological measurements

All measurements from histological data were carried out on OMERO. Crypt height was measured for each crypt of the distal colonic
epithelium +/- K-Ras®12P, At least 200 crypts were measured from each section. Ki67+ height was measurement from the base of the
crypt to the tip of the Ki67+ zone.

HEAP processing

Barcode and adaptor removal

The first 7nt of each read contained the 6nt random barcode plus the nucleotide "G" from the 5’ linker ligated to the RNA samples.
They were removed, tagged with "UMI_" in front, and appended to the read name of each read. These tags were later used to
collapse the aligned reads for PCR duplicate removal.

Cutadapt (1.14) was used to remove the 3’ adaptor with the sequence 5’-GTGTCAGTCACTTCCAGCGGGATCGGAAGAGCA
CACGTCTGAACTCCAGTCAC-3'. Reads with a quality score lower than 20 and read length shorter than 18nt after the adaptor
removal were excluded from further analysis.

Read alignment and PCR duplicate removal

For HEAP and IC libraries, STAR (2.5.2b) was used to align barcode and adaptor removed reads with Ensembl mm10 genome
(Mus_musculus.GRCm38) as the reference. Multi-mapped reads and reads with more than 5 mismatches were discarded from
the alignment. Chromosome name, strand information, and starting position were used to identify reads aligned to the same position.
Reads with identical 7nt barcodes and mapping locations were considered PCR duplicates and were collapsed to a single unique
read. Unique reads and their mapping positions were output to a separate ‘BAM’ file, indexed using SAMtools (1.3.1), and used
for subsequent peak calling.

For miRNA libraries, barcode and adaptor removed reads were collapsed based on the UMI tags to remove PCR duplicates and
identify unique miRNA reads using the 'collapse’ function from seqcluster (1.2.4a7). miRNA alignment and counting were achieved
with the 'miraligner’ function of seqcluster using hairpin and mature miRNA sequences from miRbase (version 22.1) as the reference
database.

HEAP analysis

Peak calling and annotation

Peak (Ago2 binding site) calling was performed using the ‘findPeaks’ function of the CLIPanalyze (https://bitbucket.org/leslielab/
clipanalyze) package with the following parameters: exclude.mirna.peaks = TRUE, genome = "mm10", bandwidth = 60, count.thres-
hold = 5, count.exons.only = FALSE. Peaks were annotated with associated genes by overlapping with 3’'UTR, 3’UTR-adjacent,
5’UTR, 5’UTR-adjacent, exon, intron, intergenic, in that order. In addition to the standard peak data output, genomic locations of
peaks were annotated in a separate ‘BED’ file.

For colonic epithelium, a full set of peaks were generated comparing three independent HEAP with three matching IC libraries for
both K-Ras"/ and K-Ras®'2P samples. For colonic tumors, a full set of peaks were generated comparing six independent HEAP with
six matching IC libraries for both K-Ras™'T and K-Ras®'2P samples. A separate peak data table was generated for K-Ras"'T colonic
epithelium, K-Ras®'2P colonic epithelium, K-Ras*/" colonic tumor, and K-Ras®'2P colonic tumor. Peaks from all four conditions were
further filtered by width > 20nt, logo.FC(HEAP vs IC) > 0, average HEAP count > 10, and padj (HEAP vs IC) < 0.05 to acquire the final list
of active Ago2 bound target locations. Analysis result is included in Data S1.

Merging peaks and analysis

Peaks called from K-Ras"/T and K-Ras®'2P separately were merged to allow for differential Ago2-binding comparison. Peak calling
was not performed by grouping HEAP and IC libraries from K-Ras"'T and K-Ras®'2P samples due to the potential loss of K-Ras*¥" and
K-Ras®'2P specific peaks. Instead, the unfiltered lists of peaks output from the “findPeaks” functions from K-Ras"/ and K-Ras®'2P
samples were merged using GenomicRanges (1.40.0). Read counts in merged peaks were acquired using the “featureCount” func-
tion from Rsubread (2.2.6) across K-Ras"'T and K-Ras®'2P samples. For global normalization, read counts in genes outside of the
peaks were used as those were likely reads of RNA non-specifically bound to the resin during the Halo-Ago2 pulldown. Under the
assumption that global total RNA abundance remained stable between K-Ras™/T and K-Ras®'2P samples, RNAs non-specifically
bound to the resin during pulldown should also remain stable +/- K-Ras®'2P. Read counts in all exons were acquired using
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“featureCount” and counts in any gene that contained HEAP peaks were removed from the count table. Counts in genes outside of
peaks were normalized using DESeq2 (1.28.1) and their sizeFactors were extracted for normalization of the count data in merged
peaks. Merged peaks were filtered by overlapping merged peaks with filtered peaks from the K-Ras"'" or K-Ras®'2P alone analysis.
Filtered merged peaks were used for subsequent analysis. Differential Ago2 binding analysis was performed through DESeq?2 using
HEAP counts in the filtered merged peaks comparing K-Ras®'2P with K-Ras"'T samples. sizeFactors estimated using counts in genes
outside of peaks were used for normalization of the counts in filtered merged peaks.

Ago2-bound miRNA abundance analysis

Output “.mirna’ files from ‘miraligner’ were processed with isomiRs (1.16.2) to plot isomiR abundance and to perform differential Ago2
bound abundance analysis. miRNA family information was acquired from the TargetScan website (http://www.targetscan.org/
mmu_80/mmu_80_data_download/miR_Family_Info.txt.zip). Read counts of miRNA members of the same family were aggregated.
Analysis result is included in Data S2.

Peak-miRNA association

Mature miRNA family seed sequences were acquired from TargetScan and used to generate 8mer, 7merA1, 7merM8, and 6mer seed
match sequences. miRNA families with mean counts > 200 were considered for association with HEAP peaks. Sequences of HEAP
peaks were mapped with seed matches from selected miRNA families and peaks were associated with miRNA families based on
8mer, 7merA1, 7merM8, or 6mer matches in that order.

Benchmarking HEAP targets using the human TargetScan database

miRNA families were ranked by their number of associated HEAP targets in descending order. Top n families with associated targets
cumulatively accounting for more than 80% of all identified HEAP targets were defined as “active”. 34 miRNA families were considered
“active” using this criteria: let-7-5p/miR-98-5p, miR-15-5p/16-5p/195-5p/322-5p/497-5p, miR-29-3p, miR-200-3p/429-3p, miR-17-
5p/20-5p/93-5p/106-5p, miR-24-3p, miR-194-5p, miR-27-3p, miR-103-3p/107-3p, miR-196-5p, miR-23-3p, miR-26-5p, miR-19-3p,
miR-25-3p/32-5p/92-3p/363-3p/367-3p, miR-30-5p/384-5p, miR-484, miR-141-3p, miR-130-3p/301-3p, miR-22-3p, miR-96-5p,
miR-182-5p, miR-181-5p, miR-148-3p/152-3p, miR-205-5p, miR-7-5p, miR-34-5p/449-5p, miR-132-3p/212-3p, miR-30a-3p/30d-
3p/30e-3p, miR-31-5p, miR-194-2-3p/6926-5p/7055-5p, miR-423-5p, miR-141-5p/6769b-3p, miR-21ac-5p, miR-139-5p.

500 genes were randomly sampled from each of the three sets: HEAP 3'UTR targets (miRNA target genes identified using HEAP
with target site in the 3’'UTR), Human TargetScan (miRNA target genes in human TargetScan database), Whole Transcriptome (all
detected genes in colonic tissue transcriptome). Only HEAP targets with target sites in the 3’'UTR were included in this analysis
as the TargetScan database only considers miRNA targeting in the 3’'UTR. Random sampling within each set was repeated
10,000 times. Within each group of 500 sampled genes, the fraction of conserved targets was calculated as n(targets of active miRNA
families in human TargetScan) / n(targets in human TargetScan).

HOMER de novo motif discovery

Filtered peaks from K-Ras"'" alone, K-Ras alone, or merged analysis were used for motif discovery. Unbiased motif enrichment
analysis was first performed in HEAP peaks. ‘calculateKmerBackground’ function of CLIPanalyze (0.0.10) was used to determine
background kmer frequencies (k = 7) in the exons of genes with any unfiltered HEAP signal. Kmers enriched in the filtered HEAP
peaks were determined using the “findKmerEnrich” function of CLIPanalyze using pre-determined background kmer frequencies.
The exact positions of the top 50 7mers found from the unbiased motif enrichment analysis were located and the 15bp regions around
the 7mers were subjected to HOMER de novo motif discovery. Background regions were set as the 15bp window shifted 100 and
200bp on both sides of the 7mers, excluding any overlap with other HEAP peaks.

KEGG enrichment analysis

Gene targets associated with each miRNA family were used for KEGG enrichment analysis to identify pathways specifically targeted
by certain miRNA. Background of the enrichment was set to all genes. enrichKEGG’ function of clusterProfiler (3.16.1) was used to
perform the analysis. Significant pathways were selected based on p.adjust < 0.05. Analysis result for all available kinases is included
in Data S3.

mRNA half-life analysis

The half-life of HEAP target genes was acquired from a previous study.”” RNAs were ranked based on their half-life and genes within
the top and bottom 10% were selected. LFC of HEAP peaks associated with these RNAs were selected and the cumulative distri-
bution of them were plotted.

G12D

RNA-seq processing and analysis

Quality control of the sequencing was done using FastQC (0.11.5) and Qualimap (2.2.2). Salmon (1.4.0) pseudo-aligner was used for
sequence mapping and transcript read counting with Ensembl mm10 genome (Mus_musculus.GRCm38) as reference. Differential
gene expression analysis was performed using DESeq?2 (1.28.1) with ‘.sf’ files generated from Salmon as inputs. For the published
T6B colon RNA-Seq dataset (GSE179588), the raw count data matrix was processed with DESeq2 for subsequent differential
expression analysis. Analysis result is included in Data S2.

PAGE Z-score calculation

Parametric Analysis of Gene-set Enrichment (PAGE) z-score was calculated using a previously described approach.®® Transcrip-
tomic and proteomic data comparing RNA/proteins in K-Ras®'2P tissues against K-Ras"'" tissues were used as input. Log fold

el1 Molecular Cell 83, 2509-2523.e1-e13, July 20, 2023


http://www.targetscan.org/mmu_80/mmu_80_data_download/miR_Family_Info.txt.zip
http://www.targetscan.org/mmu_80/mmu_80_data_download/miR_Family_Info.txt.zip

Molecular Cell ¢? CellPress

changes (LFCs) of the selected subset of genes (targets of each miRNA family) were evaluated against the background LFC.
Z-score = (Sm - 1) x m'/2 / SD, where Sm represents mean LFC of selected genes, m stands for the number of selected genes, p
and SD show mean and standard deviation of LFCs for all genes in the dataset. Positive/negative z-scores indicated up/downregu-
lation of selected genes compared to the background.

MS-based proteomic and phospho-proteomic analysis

Proteomics and phospho-proteomics data of colonic epithelium and tumor were acquired from ProteomeXchange Consortium
PRIDE partner repository: PXD013922. Differential analysis was performed comparing K-Ras®'2P with K-Ras"'T tissues with un-
paired t-tests to obtain p values. Benjamini-Hochberg procedure was employed to correct for multiple hypotheses to obtain q values.
Proteins and phosphorylations with p < 0.05 and g < 0.1 were considered significantly dysregulated. For each phosphorylation site,
standard log fold change was calculated and scaled to the log fold change of the protein in the proteomic dataset. Analysis result is
included in Data S2.

ATAC-seq processing and analysis

FastQC (0.11.5) was used to examine the sequencing quality of the libraries. Bebio (https://bcbio-nextgen.readthedocs.io/en/latest/
contents/atac.html) ATAC-Seq pipeline on the Harvard Medical School O2 high performance computing cluster was used for
sequencing processing, alignment, and peak calling. Peaks were merged across samples +/- K-Ras®'2P within the same tissue
context (epithelium or tumor) using ’.narrowPeak’ outputs from the nucleosome-free fraction of each sample. Peaks within 500bp
of each other were merged as a single peak. Read counts in merged peaks were acquired with the "featureCount" function from Rsu-
bread (2.2.6) using alignment output ".bam" files from the nucleosome-free fraction of each sample. Peaks within the previously re-
ported blacklist regions’® were removed from further analysis (https://github.com/Boyle-Lab/Blacklist/blob/master/lists/mm10-
blacklist.v2.bed.gz) (Csnk2a1 TSS was found within the blacklist regions and was isolated for analysis). CHIPseeker (1.28.3) was
used to annotate ATAC peaks. Peaks within 1000bp of any transcription start site (TSS) were selected for differential affinity analysis
using DESeqg2 (1.32.0) with raw counts within selected peaks as inputs. Analysis result is included in Data S2.

Gene set enrichment analysis

RNA-Seq and proteomics data from the mouse colonic epithelium and tumor tissues +/- K-Ras were subjected to gene set
enrichment analysis (GSEA). Normalized quantification matrices of RNA and protein were used as inputs. GSEA (4.0.3) desktop appli-
cation (https://www.gsea-msigdb.org/gsea/index.jsp) was used to run the analysis with the MsigDB Hallmark gene set comparing K-
Ras®'2P with K-Ras™T tissues. Most default parameters were used with ‘Permutation type’ set to ‘gene_set’ due to the small number
of phenotype labels. Gene sets with nominal p-value < 0.05 and FDR g-value < 0.1 were considered significant.

G12D

Kinase enrichment analysis

Analysis was performed by employing GSEA (4.0.3) on the phospho-proteomic data from the colonic epithelium and tumor +/- K-
Ras®'2P, Kinase-substrate list that integrated human and mouse phosphorylation sites and their targeting kinase information’®
was used as gene-sets for the analysis.

DepMap analysis

CRISPR gene effect score dataset of the “DepMap 21Q2 Public+Score, CERES” release was downloaded from the DepMap portal
(https://depmap.org/portal/). Gene effect scores from CRISPR mediated knockout of AGO2, ANKRD52, DICER1, XPO5, TNRCG6A,
DROSHA, and PPP6C in all cell lines were extracted and plotted.

TCGA analysis

Transcriptomic profile and clinical information of patients with CRC in the TCGA PanCancer Atlas cohort®® were downloaded from
cBioPortal. HEAP target signatures of each patient were calculated using GSVA (1.38.2).”° Patients with HEAP target signature in the
top/bottom 20% of the cohort were selected for survival analysis. To evaluate K-RAS signaling status in patients, we scored patients
K-RAS activation using GSVA and the K-RAS_UP gene set from MsigDB. Patients with top/bottom 10% K-RAS activation were
selected for survival, differential gene expression, and functional enrichment analysis. Both miRNA target signatures and Hallmark
pathway enrichment results for TCGA COAD cohort is included in Data S4.

scRNA-seq analysis

VUMC Discovery Set® includes 62 independent scRNA-seq datasets from premalignant tumors. 65,088 epithelial cells were retained
after filtering for high-quality barcodes using dropkick.®’

Data normalization and UMAP visualization

Analysis of scRNA-seq data was performed in Python using scanpy, pandas, and numpy packages as previously described.*®
Briefly, raw scRNA-seq counts were normalized by median library size, log-like transformed with Arcsinh, and Z- score standardized
per gene. The Single-Cell rEgulatory Network Inference and Clustering or SCENIC pipeline was used to integrate pre-cancer and their
corresponding normal tissue datasets.®>®° “scanpy.tl.umap’’ function was used to compute UMAP coordinates of the dataset from
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the dataset’s Z-score standardized AUCell values from SCENIC analysis, its 50-principal component decompositions with no feature
selection, and a subsequent KNN graph with k equal to the square root of the number cells projected. Normalized expression of
CSNK genes and miRNA target gene scores were overlaid onto UMAPs of the Discovery set and 3 subsets extracted from it based
on cell type: Adenoma-Specific Cells (ASC), Serrated-Specific Cells (SSC), and Goblet cells (GOB). KRAS multi-hit status was
inquired from somatic mutation called from the Discovery set’s whole-exosome sequencing result as previously described®® and
was overlaid onto a UMAP. miRNA target gene scores were computed using ‘scanpy.tl.score_genes’ function with the full list of
miRNA target genes and a control sampling size of 2,000 as inputs to the function.

Scatter plots

Scatter plots between each CSNK gene’s expression and the miRNA target scores of ASC, SSC and GOB subsets were visualized
using seaborn’s ‘scatterplot’ function. The input data for each CSNK gene’s plot was filtered at a threshold from binning the cells
based on the specific CSNK gene’s expression. The thresholds were chosen such that the cell count from the first bin kept is lower
than the last bin excluded by 40% of the sample size to filter out many low-expression cells. Regression lines were fitted using scipy’s
‘stats.linregress’ function, and spearman’s rank correlation coefficients and corresponding p-values were computed using scipy’s
‘stats.spearmanr’ function.

Box plots

Gene scores of target genes from each miRNA family were calculated using ‘scanpy.tl.score_genes’ . For each subset (ASC, SSC
and GOB), cells were grouped by their rank of the gene scores calculated from the target genes of all miRNA families. Comparisons
of the target gene scores of selected miRNA families between top and bottom 20% populations of cells ranked by the gene score
calculated from all miRNA target genes were visualized using seaborn’s ‘boxplot’ function. Two-sided Mann-Whitney-Wilcoxon tests
were performed to infer statistical differences between groups.

GSVA

GSVA analysis was performed using GSVA (1.38.2) with the MsigDB Hallmark, C2, and C6 gene set.”” Differential enrichment analysis
using pathway scores from top and bottom 20% of ASCs, SSCs, and GOBs ranked by miRNA target signature were performed using
limma (3.52.2).”* Pathways with adjusted p-value < 0.01 and |LFC| (miRNA signature high cells vs miRNA signature low cells) > 0.4 in
all three cell types were considered differentially enriched.
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