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SUMMARY

The transcriptional co-activator YAP1 oncogene is the downstream effector of the Hippo pathway, 

which regulates tissue homeostasis, organ size, regeneration and tumorigenesis. Multiple cancers 

are dependent on sustained expression of YAP1 for cell proliferation, survival and tumorigenesis, 

but the molecular basis of this oncogene dependency is not well understood. To identify 

genes that can functionally substitute for YAP1, we performed a genome-scale genetic rescue 

screen in YAP1-dependent colon cancer cells expressing an inducible YAP1-specific shRNA. 

We found that the transcription factor PRDM14 rescued cell proliferation and tumorigenesis 

upon YAP1 suppression in YAP1-dependent cells, xenografts, and colon cancer organoids. YAP1 

and PRDM14 individually activated the transcription of calmodulin 2 (CALM2) and a glucose 

transporter SLC2A1 upon YAP1 suppression; and CALM2 or SLC2A1 expression was required 

for the rescue of YAP1 suppression. Together, these findings implicate PRDM14-mediated 

transcriptional upregulation of CALM2 and SLC2A1 as key components of oncogenic YAP1 

signaling and dependency.
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eTOC Blurb

Multiple cancers are dependent on sustained expression of YAP1 for cell proliferation, survival, 

and tumorigenesis, but whether other genes can functionally substitute for YAP1 is not clear. Here, 

Kim et al. show that PRDM14-mediated transcriptional upregulation of CALM2 and SLC2A1 

allow YAP1-dependent cancers to survive in the absence of YAP1.

Graphical Abstract

INTRODUCTION

The Hippo pathway was originally identified as a key signaling pathway that controls organ 

size in Drosophila melanogaster. In mammals, the Hippo pathway plays critical regulatory 

functions in tissue homeostasis, organ size control, regeneration and tumorigenesis (Meng et 

al., 2016; Mo et al., 2014; Moroishi et al., 2015; Zanconato et al., 2016). In the mammalian 

Hippo pathway, mammalian STE20-like protein (MST) and the large tumor suppressor 

(LATS) kinases negatively regulate yes-associated protein (YAP1) and transcriptional co-

activator with PDZ-binding motif (TAZ), which are closely related paralogues and the 

major downstream effectors of this pathway. YAP1 and TAZ function as transcriptional 

co-activators that shuttle between the cytoplasm and the nucleus, where they induce 

the expression of genes typically associated with cell proliferation and survival through 

interactions with transcriptional factors such as TEA domain family members (TEAD). 

As a result, unrestricted YAP1 and TAZ activation leads to increased organ size during 
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development, and in adult tissues, such as liver and colon, promotes tumorigenesis (Meng et 

al., 2016; Moroishi et al., 2015; Nishio et al., 2012; Zhou et al., 2011; Zhou et al., 2009).

Previous studies have used the intestinal epithelium as an experimental model to study the 

complex roles of Hippo pathway and YAP1 oncogene (Avruch et al., 2012; Ou et al., 2017). 

Loss of function studies in vivo have shown that Yap1 is dispensable for normal intestinal 

development and homeostasis, but following chemical injury or gamma irradiation, Yap1 is 

required for the intestinal stem cell pool and crypt regeneration (Cai et al., 2010; Gregorieff 

et al., 2015). Genetic studies have shown that Yap1 is required for adenoma formation 

in the Apcmin mouse model of colon cancer (Cai et al., 2010; Gregorieff et al., 2015). 

Similarly, studies in human colon cancer cell lines have shown that YAP1 is required for 

cell proliferation, survival and tumorigenesis (Rosenbluh et al., 2012; Zhou et al., 2011), 

and a number of clinical reports have linked high levels of YAP1 expression and activity 

to colon cancer progression and overall poor prognosis (Wierzbicki and Rybarczyk, 2015). 

In summary, YAP1 is dispensable for normal intestinal development and homeostasis but 

required for intestinal tumorigenesis.

PRDM14 belongs to the PRDI-BF1 and RIZ homology domain-containing (PRDM) 

transcriptional regulators. Among the PRDM family members, PRDM14 is specifically 

expressed in preimplantation embryos, primordial germ cells, and embryonic stem cells in 
vitro, and accordingly plays a key role in the regulation of pluripotency and epigenetic 

reprogramming (Nakaki and Saitou, 2014). Gene amplification and/or overexpression of 

PRDM14 has been reported in breast cancer, leukemia and testicular/intracranial germ cell 

tumors (Dettman et al., 2011; Moelans et al., 2010; Nishikawa et al., 2007; Ruark et 

al., 2013). More recently, PRDM14 expression has been shown to promote a malignant 

phenotype and correlate with poor prognosis in colorectal cancers (Igarashi et al., 2020). 

Although PRDM14 has been well studied in embryonic stem cells, its role in cancer is not 

well understood.

Based on previous observations that YAP1 is required for cell proliferation, survival and 

tumorigenesis of colon cancers, we were particularly interested in signaling mechanisms 

activated by this oncogene. To this end, we performed a genome-scale genetic rescue 

screen to identify open reading frames (ORFs) that sustain cell proliferation, survival and 

tumorigenesis phenotypes of YAP1-dependent colon cancer cell lines in the setting of YAP1 

suppression.

RESULTS

Genome-scale ORF screen identifies genes that rescue cell proliferation upon YAP1 
suppression in YAP1-dependent cells

We performed a genome-scale ORF screen to identify genes that support the proliferation 

of YAP1-dependent colon cancer cells upon suppression of YAP1 (Figure 1A). We tested 

a panel of colon cancer cell lines to identify those that required YAP1 expression for 

cell proliferation. We found that the HT29, SKCO1, SW48 and COLO320 colon cancer 

cell lines depend on YAP1 expression for proliferation and selected these cell lines for 

further study (Figure S1A). In parallel, we tested several doxycycline-inducible short 

Kim et al. Page 3

Dev Cell. Author manuscript; available in PMC 2023 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hairpin RNAs (shRNA) targeting the 3’ untranslated region (UTR) of YAP1 and selected 

one that induced the most efficient depletion (pLKO-Tet-On shYAP1–9) to use in our 

experiments (Figure S1B). We then generated single-cell clones of HT29, SKCO1, SW48 

and COLO320 cells stably expressing this selected doxycycline-inducible shRNA (HT29, 

SKCO1, SW48 and COLO320 shYAP1, Figure 1B) and confirmed that suppression of YAP1 

by doxycycline treatment inhibited cell proliferation of these shYAP1-expressing single-cell 

clones. Expression of a YAP1 ORF, which lacks the YAP1 3’UTR and thus cannot be 

suppressed by this YAP1-specific shRNA, rescued cell proliferation upon suppression of 

YAP1 (Figure 1B), confirming that the observed decrease in proliferation was due to 

suppressing YAP1.

Using these shYAP1 expressing single-cell clones, we introduced 17,255 uniquely barcoded 

ORFs from the human ORFeome library collection 8.1 (Yang et al., 2011) into these cells 

in a pooled format. We then treated cells with doxycycline to induce YAP1 suppression 

and cultured these cells for 14 days. Following cell harvest, genomic DNA purification 

and sequencing, we identified enriched ORFs in doxycycline treated samples, compared to 

control samples, as candidate genes that functionally substitute for YAP1 (Figure 1A). We 

ranked the relative enrichment of each ORF and defined hits as ORFs with a Z score greater 

than 2.5. We identified 232, 182, 329 and 186 hits in HT29, SKCO1, SW48 and COLO320 

shYAP1 cells, respectively and found that PRDM14 was the only gene that scored in all four 

cell lines (Figure 1C, S1C and Table S1). When we used a Z score greater than 2, we found 

YAP1 among 8 genes scoring in all four cell lines (Figure 1C and S1D).

To identify common pathways and interactions among the candidate genes from ORF 

screens, we performed a meta-analysis of pathway and protein-protein interaction (PPI) 

enrichment using the Metascape suite of tools (http://metascape.org) (Tripathi et al., 2015) 

(Figure S2A and S2B). From the pathway enrichment analysis within the Molecular 

Signatures Database (MSigDB) (Subramanian et al., 2005), we found that the candidate 

genes from our ORF screens were enriched in pathways and processes related to cell cycle, 

growth, EGFR, MAPK and PI3K signaling, etc. (Figure S2A). In addition, to understand the 

potential PPI complexes among the candidate genes from ORF screens, we performed a PPI 

meta-analysis (Figure S2B). We merged candidate gene lists from all four ORF screens into 

one list and generated a single PPI network representing the full interactome (Figure S2B 

top network). We applied the Molecular Complex Detection (MCODE) algorithm to identify 

densely connected network components. From this PPI meta-analysis, we found PPI clusters 

with most notable enrichment of interactions within components of RTK/PI3K signaling, 

GPCR signaling and cell cycle (Figure S2B).

PRDM14 rescues YAP1 suppression in YAP1-dependent cells

We focused our attention on PRDM14 since it was the only gene that scored in all four colon 

cancer cell lines at the higher cutoff value (Z score > 2.5) (Figure 1C, S1C and Table S1). 

We observed by immunoblotting that endogenous protein expression levels of YAP1 and 

PRDM14 in all four colon cancer cell lines screened were similar (Figure 2A control lanes 

and S3A). To validate that PRDM14 promoted cell proliferation upon YAP1 suppression, 

we performed a rescue experiment in the screened doxycycline-inducible shYAP1 cell lines. 
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We expressed GFP as a negative control, YAP1 as a positive control and PRDM14 in 

HT29, SKCO1, SW48 and COLO320 shYAP1 cells in parallel and performed clonogenic 

proliferation assays using crystal violet staining following YAP1 suppression. We then 

determined the rescue level of each gene by normalizing the cell proliferation of YAP1-

suppressed cells to that of YAP1-intact cells. We found that suppression of YAP1 eliminated 

70% of cells expressing the negative control GFP (Figure 2A and S3B). Exogenous YAP1 

expression rescued YAP1 suppression at approximately 80% relative to YAP1-intact cells. 

In this setting, we found that PRDM14 expression rescued the proliferation effect of YAP1 

suppression to a similar level as exogenous YAP1 expression (Figure 2A, S3B and S3C).

To better understand the functional relationship between YAP1 and PRDM14, we 

investigated whether depletion of PRDM14 affects cell proliferation in YAP1-dependent 

cells and whether YAP1 expression rescues this effect. We found that YAP1-dependent 

HT29, SKCO1 and SW48 cells are also dependent on PRDM14 for cell proliferation (Figure 

S3D). We then performed clonogenic proliferation assays in HT29, SKCO1 and SW48 

cells expressing either GFP or YAP1 in the setting of PRDM14 depletion. We found that 

expression of YAP1 was not able to rescue PRDM14 depletion in these cell lines (Figure 

S3E). To interrogate the functional relationship between YAP1 and PRDM14 further, 

we also tested whether PRDM14 is required for YAP1-induced cell transformation. We 

expressed YAP1 in immortalized HA1E cells (Hahn et al., 1999) and confirmed that YAP1 

induced anchorage-independent colony formation (Figure S3F). We found that depletion of 

PRDM14 abrogated YAP1-driven anchorage-independent colony formation (Figure S3F). 

Together, these observations suggest that PRDM14 acts downstream of YAP1.

PRDM14 rescues YAP1 suppression in xenograft models

To investigate whether PRDM14 also rescued YAP1 suppression during tumor formation, 

we performed an in vivo rescue experiment using the HT29 shYAP1 cell line. This cell line 

was selected as it has been previously established as a mouse xenograft model (Radulovic et 

al., 1991; Teng et al., 2016). We expressed GFP, YAP1 or PRDM14 in HT29 shYAP1 cells 

and injected these cells subcutaneously into immunodeficient mice fed with a doxycycline-

containing diet 2 days prior to cell injection. We observed that GFP expressing cells failed to 

form tumors while cells expressing exogenous YAP1 formed tumors. Notably, PRDM14 

expressing cells also formed tumors (Figure 2B), indicating that PRDM14 expression 

rescued YAP1 suppression to promote tumor formation. In addition to tumor formation, 

to assess whether PRDM14 rescued YAP1-driven tumor growth, we injected HT29 shYAP1 

cells expressing GFP, YAP1 or PRDM14 subcutaneously into immunodeficient mice. Once 

tumors reached 100 mm3, we induced YAP1 suppression by the treatment of doxycycline-

containing diet into mice. Following YAP1 suppression, GFP expressing tumors regressed 

while exogenous YAP1 expressing tumors continued to grow. We found that PRDM14 also 

allowed YAP1-dependent tumors to grow upon suppression of YAP1 (Figure 2C). We also 

observed this PRDM14-mediated rescue of YAP1 suppression for tumorigenic growth in in 
vivo xenograft experiments using SW48 cell line (Figure S3G and S3H).
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Transcriptional activity of PRDM14 is required to rescue YAP1 suppression

PRDM14 is a member of the PRDM family of transcriptional regulators and composed 

of a single PR/SET domain and six tandemly repeated zinc fingers (Figure 3A). The 

PR/SET domain defines a large group of histone methyl-transferases and PRDM14 regulates 

transcription of target genes by directly binding to regulatory regions through zinc finger 

domains (Nakaki and Saitou, 2014). To identify regions of PRDM14 necessary to promote 

cell proliferation upon YAP1 suppression, we expressed PRDM14 domain-specific mutants 

in HT29 and SW48 shYAP1 cells (Figure 3A and 3B). Expression of a PRDM14 

mutant harboring deletion of the PR/SET domain (PRDM14 ΔSET domain) rescued cell 

proliferation upon YAP1 suppression, equivalent to what we observed with wild-type 

PRDM14 (PRDM14 WT) expression in these cells. Thus, histone methyl-transferase activity 

is not required for PRDM14 activity in the context of YAP1 suppression. However, 

expression of both PRDM14 truncation mutants lacking zinc finger domains (PRDM14 

ΔZinc finger and PRDM14 ΔSET+ΔZinc finger) disrupted the ability of PRDM14 to 

rescue cells from YAP1 suppression (Figure 3B lower panels). These observations suggest 

that PRDM14 mediates cell proliferation upon suppression of YAP1 through direct DNA 

interactions through zinc finger domains, which, in turn, affects transcriptional activity.

PRDM14 and YAP1 regulate overlapping transcriptional programs

Because transcriptional activity was essential for PRDM14 to rescue YAP1 suppression, we 

hypothesized that PRDM14 induces changes in gene expression allowing cells to proliferate 

in the setting of YAP1 suppression. To investigate transcriptional programs regulated by 

PRDM14 and YAP1, we performed RNA-sequencing in HT29, SKCO1 and SW48 cells, 

in the setting of independent depletion of YAP1 or PRDM14 (shYAP1 or shP14), or 

independent overexpression of YAP1 or PRDM14 (YAP1 OE or P14 OE) (Figure S4A, 

S4B and Table S2). We then analyzed and compared differential gene expression profiles 

and identified common target genes of YAP1 and PRDM14 that were both up-regulated and 

down-regulated by modulation of YAP1 and PRDM14 expression (Figure S4A and Table 

S2). We then performed pathway enrichment analysis within the MSigDB (Subramanian et 

al., 2005) and found that YAP1 and PRDM14 regulate overlapping pathways including cell 

cycle and growth factor signaling (Figure S4B).

To identify direct transcriptional target genes of YAP1 and PRDM14 that are necessary 

and sufficient to rescue YAP1 dependence, we performed chromatin immunoprecipitation 

followed by sequencing (ChIP-sequencing) in HT29, SKCO1 and SW48 shYAP1 cells 

expressing V5-tagged YAP1 or V5-tagged PRDM14 upon suppression of YAP1 (Figure 

4A). We identified 3387, 5371 and 2457 genomic loci that were both bound by YAP1 and 

PRDM14 in HT29, SKCO1 and SW48 shYAP1 cells, respectively (Figure 4B). In parallel, 

we performed RNA-sequencing in HT29, SKCO1 and SW48 shYAP1 cells expressing 

GFP, YAP1 or PRDM14 upon suppression of YAP1, to identify genes upregulated by the 

expression of YAP1 or PRDM14 compared to GFP upon suppression of YAP1 (Figure 4A). 

We then integrated two datasets using Binding and Expression Target Analysis (BETA) 

(Wang et al., 2013): the genomic loci bound by YAP1 or PRDM14 with genes that were 

upregulated by expression of YAP1 or PRDM14 when YAP1 was suppressed.
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We identified 747, 1045 and 401 genes that were both bound and upregulated by YAP1 

and PRDM14 in HT29, SKCO1 and SW48 shYAP1 cells, respectively. Among these genes, 

we focused on 12 genes that were targets of YAP1 and PRDM14 in all of the cell lines 

(Figure 4C and Table S3). Among these 12 genes, we found that gene expression of CALM2 
and SLC2A1 was not only upregulated by expression of exogenous YAP1 and PRDM14 

upon suppression of YAP1 but also downregulated by suppression of YAP1 compared to 

YAP1-intact cells. CALM2 is a member of the calmodulin family that plays a role in 

signaling pathways, cell cycle progression and proliferation (Berchtold and Villalobo, 2014), 

while SLC2A1 is a major glucose transporter that is associated with tumor progression, 

metastasis, and poor prognosis in cancers (de Wit et al., 2012; Wang et al., 2017; Younes et 

al., 1996). Upregulation of SLC2A1 by YAP1 was previously shown to dictate the oncogenic 

phenotypes of breast cancer cells and enable organ growth by modulating glycolysis (Cox 

et al., 2018; Lin and Xu, 2017). Therefore, in the following experiments, we focused on 

CALM2 and SLC2A1 as direct target genes of PRDM14 and YAP1 that are important for 

YAP1 dependency.

PRDM14 and YAP1 regulate expression of CALM2 and SLC2A1

To directly confirm that PRDM14 and YAP1 bind to CALM2 and SLC2A1 promoters or 

enhancers, we compared our PRDM14 and YAP1 ChIP-sequencing data with H3K27Ac 

ChIP-sequencing data as a marker for active regions for transcription factor binding. 

We noted an enrichment of PRDM14 and YAP1 at the CALM2 promoter and SLC2A1 

enhancer (Figure 4D). To further confirm that PRDM14 and YAP1 bind to these regions, 

we performed ChIP-qPCR with primers flanking the CALM2 promoter and SLC2A1 

enhancer and observed a 5- to 10-fold enrichment of PRDM14 and YAP1 binding to 

these regions compared to control regions (Figure 5A). We then assessed whether the 

expression of CALM2 and SLC2A1 was regulated by PRDM14 and YAP1. Consistent 

with our integrated analysis of RNA-sequencing and ChIP-sequencing data, we observed 

that CALM2 and SLC2A1 mRNA transcripts decreased upon YAP1 suppression in GFP 

expressing cells. This decrease was reversed by expression of exogenous YAP1 or PRDM14 

(Figure 5B). Confirming these findings, we observed that protein levels of CALM2 and 

SLC2A1 corresponded to these changes in CALM2 and SLC2A1 mRNA levels (Figure 

5C). Furthermore, we found that expression of CALM2 and SLC2A1 was decreased upon 

suppression of PRDM14 in YAP1-dependent HT29, SKCO1 and SW48 cells (Figure S3D 

and S5A) whose proliferation is also dependent on the expression of PRDM14, CALM2 and 

SLC2A1 (Figure S3D and S5B). Together, these observations indicate that PRDM14 and 

YAP1 binding to the CALM2 promoter or SLC2A1 enhancer restores CALM2 and SLC2A1 

expression that was decreased upon YAP1 suppression and that the regulation of these genes 

is essential for cell survival upon suppression of YAP1.

CALM2 and SLC2A1 expression rescues YAP1 suppression in YAP1-dependent cells and 
xenograft models

From our genome-scale screening data, we noted that CALM2 and SLC2A1 scored just 

below the cutoff we used to define hits (Figure S5C and Table S1). Therefore, to investigate 

whether CALM2 and SLC2A1 promoted cell proliferation upon YAP1 suppression, we 

performed a rescue experiment in YAP1-dependent cells. We expressed GFP, YAP1, 

Kim et al. Page 7

Dev Cell. Author manuscript; available in PMC 2023 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PRDM14, CALM2 or SLC2A1 in HT29, SKCO1 and SW48 cells expressing shYAP1 

and performed clonogenic proliferation assays following YAP1 suppression. We found that 

CALM2 or SLC2A1 expression indeed rescued the proliferation effect of YAP1 suppression, 

similar to what we observed when we expressed exogenous YAP1 or PRDM14 (Figure 

6A). In addition, we performed clonogenic proliferation assays in HT29, SKCO1 and SW48 

cells expressing either GFP, CALM2 or SLC2A1 in the setting of PRDM14 depletion 

(Figure S3E). We found that CALM2 or SLC2A1 expression rescued cell proliferation 

following PRDM14 depletion (Figure S3E). We then tested whether CALM2 and SLC2A 

are synergistic in their ability to rescue the YAP1 or PRDM14 depletion phenotype by 

performing clonogenic proliferation assays in HT29, SKCO1 and SW48 cells expressing 

either GFP, CALM2, SLC2A1 or both CALM2 and SLC2A1 in the setting of YAP1 or 

PRDM14 depletion (Figure S3E and S5D). We observed that expression of both CALM2 

and SLC2A1 showed stronger rescue effects on the YAP1 or PRDM14 depletion phenotype 

than expression of either CALM2 or SLC2A1 alone. However, they were not synergistic in 

their ability to rescue the YAP1 or PRDM14 depletion phenotype (Figure S3E and S5D).

To further probe CALM2 and SLC2A1 rescue of YAP1 suppression during tumor formation 

and maintenance, we adapted our previous in vivo rescue experiment using the HT29 

shYAP1 cells expressing GFP, YAP1, PRDM14, CALM2 or SLC2A1 placed subcutaneously 

into immunodeficient mice. We found that CALM2 or SLC2A1 expression rescued YAP1 

suppression both to promote tumor formation (Figure 6B) and maintain YAP1-driven tumor 

growth (Figure 6C).

CALM2 and SLC2A1 are required for PRDM14 rescue of YAP1 suppression

To investigate whether CALM2 and SLC2A1 are required for PRDM14 to rescue YAP1 

suppression, we performed a rescue experiment in HT29, SKCO1 and SW48 shYAP1 

cells expressing GFP, YAP1 or PRDM14 in which we suppressed expression of CALM2 

or SLC2A1 by CALM2 or SLC2A1-specific shRNAs. We found that suppression of 

CALM2 or SLC2A1 abrogated the ability of PRDM14 to rescue YAP1 suppression 

(Figure 6D). Consistent with this observation, we also found that suppression of CALM2 

or SLC2A1 with a CALM2 inhibitor, W-7 or a SLC2A1 inhibitor, BAY-876 treatment 

decreased the ability of PRDM14 to rescue YAP1 suppression (Figure 6E). Together, these 

findings suggest that CALM2 and SLC2A1 are significant downstream targets of PRDM14 

contributing to the rescue of cell proliferation upon suppression of YAP1 (Figure 6F).

Interaction of PRDM14 and YAP1 with TEAD transcription factors

Because SLC2A1 has been previously reported as part of a YAP1/TEAD signaling 

axis (Cox et al., 2018; Lin and Xu, 2017), we investigated whether PRDM14 rescues 

cell proliferation and SLC2A1 expression upon YAP1 suppression by interacting with 

TEAD. First, we tested whether depletion of TEAD affects the fitness of YAP1-dependent 

cells (Figure S6A). We found that YAP1-dependent cells are also dependent on TEAD 

transcription factors for proliferation and survival (Figure S6A). Next, we performed 

clonogenic proliferation assays to test whether TEAD is involved in the PRDM14-mediated 

rescue of YAP1 suppression. We found that depletion of TEAD abrogated the rescue 

effect of PRDM14 upon YAP1 suppression, suggesting that PRDM14 genetically interacts 
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with TEAD to rescue YAP1 suppression (Figure S6B). In addition, we confirmed that 

depletion of TEAD indeed downregulates the expression of SLC2A1 (Figure S6C). As 

we found in clonogenic proliferation assays (Figure S6B), we also found that PRDM14 

rescues SLC2A1 expression upon YAP1 suppression in a TEAD dependent manner (Figure 

S6C). However, we did not detect a physical interaction between PRDM14 and TEAD by 

performing co-immunoprecipitation experiments (Figure S6D). In addition, overexpression 

of TEAD2 did not rescue YAP1 suppression in YAP1-dependent cells (Figure S6E). 

Together, these findings suggest the existence of a genetic but indirect interaction between 

PRDM14 and TEAD and that TEAD is required for PRDM14-mediated rescue of YAP1 

suppression. However, TEAD by itself is not sufficient for rescue of YAP1 suppression. 

These observations reinforce the concept that YAP1 and PRDM14 promote cell survival by 

regulating overlapping portions of transcriptional programs necessary for cell survival but do 

not activate a single transcriptional program.

Interaction of PRDM14 and YAP1 with Ras effector pathways

Prior work indicates that YAP1-regulated expression of the EGFR ligand amphiregulin 

leads to activation of ERK and AKT (Overholtzer et al., 2006; Zhang et al., 2009), 

and PRDM14 activates AKT-mTORC1 signaling by regulating transcription of proto-

oncogene TCL1, AKT kinase coactivator. (Yamaji et al., 2013). When we searched for 

transcriptional programs regulated by both PRDM14 and YAP1 in our RNA-sequencing and 

ChIP-sequencing data (Figure 4C) using MSigDB (Subramanian et al., 2005), we found 

upregulation of MEK and AKT signaling pathways (Figure S4C) among the oncogenic 

signatures (Liberzon et al., 2015). To investigate whether expression of PRDM14 or YAP1 

reactivated the MAPK and PI3K signaling pathways, we expressed GFP, YAP1 or PRDM14 

in HT29, SKCO1 and SW48 shYAP1 cells and evaluated the phosphorylation status of 

ERK1/2, AKT and S6 upon suppression of YAP1. We found that PRDM14 or YAP1 

expression restored the phosphorylation of ERK1/2, AKT and S6 that was decreased upon 

suppression of YAP1 (Figure S6F). To investigate whether reactivation of MAPK and PI3K 

pathways was necessary for the ability of PRDM14 and YAP1 to rescue YAP1 suppression, 

we treated HT29, SKCO1 and SW48 shYAP1 cells expressing PRDM14 or YAP1 with 

the AKT inhibitor, MK-2206 or GDC-0068 or MEK inhibitor, trametinib or selumetinib. 

Treatment with either AKT or MEK inhibitor decreased the ability of PRDM14 and YAP1 

to rescue YAP1 suppression compared to cells expressing GFP (Figure S6G and S6H). Thus, 

PRDM14 may activate the MAPK and PI3K pathways to rescue YAP1 suppression.

CALM2 is a member of the calmodulin family that plays a role in signaling pathways, 

cell cycle progression and proliferation (Berchtold and Villalobo, 2014). Previous studies 

show that calmodulin binds to several tyrosine kinase receptors including the EGFR 

and ErbB2 and modulates their tyrosine kinase activities and signaling (Li et al., 2004; 

Martin-Nieto and Villalobo, 1998; Sanchez-Gonzalez et al., 2010; White et al., 2011). 

In addition, calmodulin-mediated activation of AKT was reported to regulate survival 

of c-Myc-overexpressing mouse mammary carcinoma cells (Deb et al., 2004). Thus, 

we hypothesized that restoration of CALM2 expression by PRDM14 upon suppression 

of YAP1 might be involved in the reactivation of MAPK and PI3K pathways. To test 

this hypothesis, we assessed the effect of CALM2 inhibitor, W-7 treatment on PRDM14-
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mediated restoration of phosphorylation status of ERK1/2, AKT and S6 upon suppression of 

YAP1. We found that suppression of CALM2 decreased the ability of PRDM14 to restore 

the activities of MAPK and PI3K pathways (Figure S6F). Therefore, these findings suggest 

that PRDM14 rescues YAP1 suppression in part through CALM2-mediated reactivation of 

MAPK and PI3K signaling pathways.

PRDM14 rescues YAP1 suppression in both mouse and human colon cancer organoid 
models

To investigate whether PRDM14 rescues YAP1 depletion in other biological and colon 

cancer models, we used colon organoid models derived from Apc wild-type (Apc WT, 

Apcflox/flox; tdRFPLSL or Lgr5-eGFP-CreER; Apcflox/flox; tdRFPLSL; td−), Apc knockout 

(Apc KO, Lgr5-eGFP-CreER; Apcflox/flox; tdRFPLSL; td+) and Apc knockout Kras mutant 

(Apc KO;Kras G12D, Adeno-Cre treatment of Apcflox/flox; LSL-KrasG12D) mice as well as 

APC and KRAS mutant colorectal cancer patient tumors. We used these models because 

Yap1 is known to be activated in Apcmin mouse colon cancer and required for intestinal 

tumorigenesis in this model (Cai et al., 2010; Gregorieff et al., 2015). In addition, Apc 

KO mouse organoids are reported to be more sensitive to the treatment of dasatinib, the 

inhibitor of YES1, which phosphorylates and activates YAP1, compared to Apc WT mouse 

organoids (Rosenbluh et al., 2012). Using the Apc WT and KO mouse colon organoid 

models, we tested whether Yap1 is required for the viability of Apc KO organoids and 

whether PRDM14 expression rescues the viability of Apc KO organoids following Yap1 

suppression. First, we confirmed that Yap1 expression is increased in Apc KO organoids 

compared to WT organoids (Figure S7A and S7B). In addition, we found that expression 

levels of transcriptional target genes, Calm2 and Slc2a1 are also increased in Apc KO 

organoids compared to WT organoids (Figure S7A).

We generated Apc WT, Apc KO or Apc KO;Kras G12D organoids stably expressing 

doxycycline-inducible shRNAs targeting Yap1 and confirmed that doxycycline treatment 

induced Yap1 knockdown in these organoid lines (Figure S7C). In this setting, we also 

observed that expression of Calm2 and Slc2a1 was downregulated after suppressing 

endogenous Yap1 (Figure S7D). We then performed CellTiter-Glo 3D cell viability assays 

and found that Apc KO and Apc KO;Kras G12D organoids are more sensitive to Yap1 

depletion than Apc WT organoids for their viability (Figure 7A). To investigate whether 

PRDM14 expression rescues Yap1 suppression in this context, we performed a rescue 

experiment in these dox-inducible shYap1-expressing Apc KO and Apc KO;Kras G12D 

organoids (Figure 7B). We expressed either Luciferase, YAP1 or PRDM14 in these lines and 

performed viability assays following Yap1 suppression. We found that PRDM14 expression 

as well as exogenous YAP1 expression rescued the viability effect induced by Yap1 

depletion (Figure 7B).

In addition to these mouse colon organoids, we also used a patient-derived colon organoid 

model (0544) harboring both APC and KRAS mutations (Table S4). To test whether 

YAP1 is required for the viability of this patient-derived colon organoid, we generated 

organoid line stably expressing doxycycline-inducible shYAP1 (0544 + shYAP1–3) (Figure 

7C) and assessed viability with or without doxycycline treatment. We found that these 
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organoids are dependent on YAP1 for their propagation (Figure 7C). We then tested whether 

PRDM14 expression rescues viability of these dox-inducible shYAP1-expressing organoids 

upon YAP1 suppression (Figure 7D). Specifically, we expressed either Luciferase, YAP1 or 

PRDM14 in this organoid line and assessed viability with or without doxycycline treatment. 

We found that either PRDM14 or YAP1 expression was able to rescue the viability of these 

organoids following YAP1 suppression (Figure 7D). We also confirmed that expression 

levels of CALM2 and SLC2A1, the common target genes of YAP1 and PRDM14 were 

rescued by either YAP1 or PRDM14 expression following YAP1 depletion (Figure 7E). 

Together, these observations demonstrate that relationship among YAP1, PRDM14 and 

KRAS are generalizable in both murine and human colon cancer models.

Amplification or overexpression of PRDM14 and YAP1 in colorectal adenocarcinoma

We then interrogated The Cancer Genome Atlas (TCGA) and Pan-Cancer Atlas mRNA 

expression data derived from the genomic characterization of colorectal adenocarcinoma 

tissue samples available on cBioPortal (Gao et al., 2013). Specifically, we compared mRNA 

transcript levels of YAP1 and PRDM14 in both normal and colorectal cancer tissues 

(Figure S7E). We found that YAP1 is uniformly expressed in normal colon tissues and 

overexpressed in some of the colorectal cancer tissues (Figure S7E). On the other hand, 

PRDM14 expression level is generally low in normal colon tissues and elevated in a 

subset of colorectal cancer tissues (Figure S7E). We also found that gene amplification 

or overexpression of PRDM14 and YAP1 are mutually exclusive in this set of colorectal 

adenocarcinoma samples (Figure S7F). These observations reinforce the conclusion that 

PRDM14 substitutes for YAP1 in colon cancers and that tumors appear to overexpress either 

YAP1 or PRDM14, not both.

DISCUSSION

Using a systematic functional approach, we identified PRDM14 as a gene whose expression 

rescued cell proliferation upon suppression of YAP1 in YAP1-dependent colon cancer 

cell lines. In mouse xenograft models, we found that PRDM14 rescued tumorigenesis of 

YAP1-driven tumors upon suppression of YAP1. Through integration of transcriptional 

factor-binding data and differential gene expression data, we identified a PRDM14-driven 

transcriptional program, involving CALM2 and SLC2A1, necessary for the survival of 

YAP1-dependent cancers. Notably, PRDM14-induced upregulation of CALM2 and SLC2A1 

was required to rescue YAP1 suppression, indicating CALM2 and SLC2A1 as downstream 

targets of PRDM14 essential for YAP1 signaling and dependency (Figure 6F). We 

also confirmed this PRDM14-mediated rescue of YAP1 suppression in both mouse and 

human colon cancer organoid models. Furthermore, we found that gene amplification or 

overexpression of PRDM14 and YAP1 are mutually exclusive in colorectal adenocarcinoma, 

suggesting that some tumors require PRDM14 expression for survival and maintenance. 

Therefore, this study provides further insights into genes and pathways regulated by YAP1 

in a cancer context.

Prior work showed that Hippo signaling dysfunction induces cancer cell addiction to YAP1 

(Han et al., 2018), indicating YAP1 as the major downstream effector of the Hippo pathway 
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in cancers. However, whereas amplifications of YAP1 have been observed in liver, breast, 

and esophageal cancers (Muramatsu et al., 2011; Overholtzer et al., 2006; Zender et al., 

2006), and loss-of-function mutations of SAV1, MOB1 and NF2, the upstream regulators of 

YAP1 in the Hippo pathway, have been described in some cancers (Evans, 2009; Jiang 

et al., 2019; Kosaka et al., 2007; Rouleau et al., 1993; Trofatter et al., 1993), these 

genetic alterations are relatively uncommon compared with the observed prevalence of 

YAP1 overexpression across many cancer types (Steinhardt et al., 2008). These observations 

suggest that YAP1 may contribute to cancer development and maintenance in both Hippo 

pathway regulation-dependent and independent mechanisms. Indeed, in some contexts, 

YAP1 appears to act as a tumor suppressor (Barry et al., 2013; Cheung et al., 2020), 

highlighting the context dependent function of YAP1. The finding that PRDM14 and YAP1 

regulate an overlapping set of genes required for YAP1-induced tumor phenotypes, suggests 

that these targets are likely to be both dependent and independent of Hippo signaling 

involving TEAD family transcription factors.

Disruption of normal cell differentiation occurs in many cancers and is thought to be a key 

step in cell transformation. Both YAP1 and PRDM14 are involved in the maintenance of the 

self-renewal of stem cells in part through the suppression of genes involved in differentiation 

(Cai et al., 2010; Chia et al., 2010; Gregorieff et al., 2015; Tsuneyoshi et al., 2008), 

suggesting that aberrant expression of YAP1 or PRDM14 contributes to transformation by 

affecting cell fate decisions.

Moreover, overexpression or amplification of YAP1 has been implicated in resistance to 

several types of targeted therapies (Huang et al., 2013; Kapoor et al., 2014; Kim et al., 

2016; Lee et al., 2015; Lin et al., 2015a; Lin et al., 2015b; Shao et al., 2014; Song et 

al., 2015; Touil et al., 2014; Xiao et al., 2016; Yoshikawa et al., 2015; Zhao et al., 2014). 

We and others have also reported that YAP1 signaling functionally replaces KRAS in 

KRAS-dependent cancer cells and Yap1 amplifications are observed in tumors that escape 

suppression of Kras in Kras-driven murine pancreatic ductal adenocarcinomas (Kapoor et 

al., 2014; Shao et al., 2014). These resistant tumors often exhibit altered differentiation 

states, such as the epithelial to mesenchymal transition or transition from one differentiation 

state to another (Niederst et al., 2015; Oser et al., 2015), which may play a key role in their 

resistance to targeted therapies. In such tumors, the expression of YAP1 or PRDM14 may 

alter differentiation programs and facilitate resistance.

Multiple cancers are dependent on sustained YAP1 transcriptional activity for both tumor 

initiation and maintenance pointing to YAP1 and the pathways regulating YAP1 as a relevant 

therapeutic target. Since YAP1 is dispensable for normal development and homeostasis of 

the colonic epithelium (Cai et al., 2010), targeting YAP1 is a possible therapeutic strategy. 

In this study, our finding that PRDM14-induced upregulation of CALM2 and SLC2A1 

bypasses YAP1 suppression predicts a potential resistance mechanism of YAP1-targeted 

therapy and implicates PRDM14 as a therapeutic target in YAP1-driven cancers.

Limitations of the Study

Here, we focused on investigating how PRDM14 functionally substitutes for YAP1 in YAP1-

dependent colon cancers. This question should be extended to other types of cancers and 
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stem cells. In addition, although we showed that PRDM14-CALM2-mediated reactivation 

of MAPK and PI3K pathways rescues YAP1 suppression (Figure S6F), other pathways 

enriched by YAP1 and PRDM14 expression such as the TGFB/SMAD pathway (Figure 

S4C) may also be involved in the rescue of YAP1 suppression. Moreover, since upregulation 

of SLC2A1 by YAP1 has been reported to modulate glycolysis (Cox et al., 2018; Lin and 

Xu, 2017), regulation of glucose metabolism by PRDM14 through SLC2A1 may also be 

involved in cell survival and tumorigenesis induced by YAP1.

STAR METHODS

RESOURCE AVAILABILITY

LEAD CONTACT—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, William C. Hahn 

(william_hahn@dfci.harvard.edu).

MATERIALS AVAILABILITY—Plasmids generated in this study are available by request 

to the lead contact, William C. Hahn (william_hahn@dfci.harvard.edu).

DATA AND CODE AVAILABILITY

• The datasets generated in this study are publicly available at NCBI GEO 

(GSE182432) and SRA (PRJNA756046) as of the date of publication.

• No codes were generated in this study.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK293T and colon cancer cell lines were obtained from ATCC. Cells were 

maintained in DMEM (293T; Gibco #11995–065), McCoy’s 5A (HT29; Gibco #16600–

082), EMEM (SKCO1; Corning #10–009-CV), RPMI 1640 (SW48, COLO320; Corning 

#10–040-CV) or MEM Alpha (HA1E; Gibco #12571–063) supplemented with 100 units/mL 

of penicillin, 100 μg/mL of streptomycin (Gibco #15140–122) and 10% fetal bovine serum 

(MilliporeSigma), and incubated at 37°C in 5% CO2.

Primary cell cultures—Apc WT and Apc KO mouse colon organoids were created 

from an Apcflox/flox; tdRFPLSL mouse and Lgr5-eGFP-CreER; Apcflox/flox; tdRFPLSL mouse 

flank injected with tamoxifen in vivo. Apc KO; Kras G12D mouse colon organoids were a 

gift from Kevin Haigis lab at Dana-Farber Cancer Institute and were generated through 

adeno-Cre treatment of organoids derived from an Apcflox/flox; LSL-KrasG12D mouse. 

Intestinal cells harvested from the Lgr5-eGFP-CreER; Apcflox/flox; tdRFPLSL mice were 

dissociated and sorted for td+ and td− populations, and collected in 50% DMEM 50% FBS 

recovery media with 1ug/mL Rock inhibitor added. Then, the cells were spun down and 

plated in Matrigel (Corning #354234). Wnt/R-spondin-deprived medium, DMEM/F12 with 

HEPES (MilliporeSigma) containing 20% FBS, 1% penicillin/streptomycin and 50 ng/mL 

recombinant mouse EGF (Life Technologies #PMG8041), was used for culturing mouse 
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colon organoids. For the first 2–3 days after seeding, the media was also supplemented with 

10 μM ROCK inhibitor Y-27632 (MilliporeSigma #Y0503) and 10 μM SB431542 (Sigma 

Aldrich #616461), an inhibitor for the transforming growth factor (TGF)-β type I receptor 

to avoid anoikis. For passage, mouse colon organoids were dispersed by TrypLE Express 

and transferred to fresh Matrigel. Passage was performed every 3–4 days with a 1:3–1:5 split 

ratio.

Patient-derived colon organoids were established from colorectal cancer patient samples 

obtained after participant consent and approval from the Gastrointestinal Cancer Center at 

the Dana-Farber Cancer Institute (protocol numbers 03–189, 17–000, and 18–060). Model 

0544 was derived from a tumor sample of a colon cancer patient who was a 52-year-old 

female at the time of the biopsy. To establish organoids, tumor samples were minced and 

incubated with 5 mg/mL collagenase XI (MilliporeSigma #C9407), 10 μg/mL DNase I 

(StemCell #07900) and 10 μM Y-27632 (MilliporeSigma #Y0503). The digested tumors 

were embedded in domes of growth factor reduced Matrigel (Corning #356231), overlaid 

with intestinal organoid growth media (IOGM) containing Advanced DMEM/F12 (Gibco), 

1X glutamax, 10 mmol/L HEPES, 100 U/mL penicillin-streptomycin (Life technologies), 

1X B-27 supplement (Thermo Fisher Scientific #17504044), 100 ng/mL Noggin (Thermo 

Fisher Scientific #PHC1506), 1.25 mM N-acetylcysteine (MilliporeSigma #A9165), 10 mM 

Nicotinamide (MilliporeSigma #N3376), 10 uM SB202190 (MilliporeSigma #S7067), 50 

ng/mL EGF (Life Technologies #PMG8041), 0.5 uM A 83–01 (Tocris #2939), 1 uM PGE2 

(Tocris #2296). IOGM was changed every 2–3 days and organoids were passaged every 

7–10 days via enzymatic digestion in TrypLE Express (Thermo Fisher Scientific) for 10 min 

at 37°C. Y-27632 was included in IOGM for 2 days following enzymatic digestion (Rendo 

et al., 2020; van de Wetering et al., 2015).

Mouse models—5-week-old female NCR-nude (CrTac:NCr-Foxn1nu) mice were 

obtained from Taconic Biosciences. Maximum of 5 mice were housed per individual 

ventilated cage and were maintained under optimum hygienic conditions, air-conditioned 

with 10 air changes per hour. The environment was continuously monitored with 

temperature target ranges of 22 ± 2°C, relative humidity of 45–65% and 12-hour light/12-

hour dark cycle. All procedures were performed according to protocols approved by the 

Institutional Animal Care and Use Committee of the Dana-Farber Cancer Institute (protocol 

number 04–101).

Human subjects—Patient data from previous studies were used in this study. Cancer 

patient whole exomes and transcripts levels were analyzed based on datasets in cBioPortal 

(Gao et al., 2013).

METHOD DETAILS

Lentiviral infection—ORFs in pLX317 or pLX304 backbones and shRNAs in pLKO.1 

backbone were obtained from the Genetic Perturbation Platform at the Broad Institute (Kim 

et al., 2014). Target sequences of shRNAs are provided in Table S5. Lentiviruses were 

produced in 293T cells by transfecting with VSVG, delta8.9 and ORF or shRNA plasmids 

using TransIT (Mirus Bio). Virus was harvested 72 hours after transfection (Moffat et al., 
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2006). Cells were infected with lentivirus with 10 μg/mL of polybrene (MilliporeSigma 

#TR-1003-G). Infected cells were selected with 2 μg/mL of puromycin dihydrochloride 

(Thermo Fisher Scientific #Gibco A1113803) for 2 days or 10 μg/mL of blasticidin S HCl 

(Thermo Fisher Scientific #Gibco A1113903) for 5 days.

Generation of doxycycline-inducible shYAP1 cells—HT29, SKCO1, SW48 and 

COLO320 cells were seeded at 250,000, 500,000, 1,000,000 and 1,000,000 cells per 

well, respectively, in 6-well plates. Cells were infected with lentiviruses with 10 μg/mL 

of polybrene to integrate doxycycline-inducible YAP1 shRNAs using the pLKO-Tet-On 

backbone (Novartis). Target sequences of shRNAs are provided in Table S5. Plates were 

spun for 30 minutes at 2250 rpm at 30°C. 24 hours after infection, cells were selected with 

1 mg/mL of G418 sulfate (Thermo Fisher Scientific #10131–035) for 7 days. Subsequently, 

cells were seeded at 0.3 cells per well in 96-well plates to allow selection of single-cell 

clones. Thirty clones per cell line were assessed, and HT29, SKCO1, SW48 and COLO320 

shYAP1 single-cell clones were selected based on effectiveness of YAP1 suppression upon 

doxycycline (Clontech #631311) treatment.

YAP1 rescue screen—For the YAP1 rescue screen in HT29, SKCO1, SW48 and 

COLO320 doxycycline-inducible shYAP1 cells, 80×106 cells were infected per replicate 

with 30–40% infection efficiency to obtain at least 1,000 cells per ORF after selection 

(20×106 surviving cells containing 17,255 ORFs from the human ORFeome library 

collection 8.1 (Yang et al., 2011)). Two biological replicates were performed. Cells were 

seeded at 3×106 cells per well in 12-well plates and infected with the amount of virus 

determined during optimization using the Genetic Perturbation Platform virus titering 

protocol (https://portals.broadinstitute.org/gpp/public/resources/protocols), with 10 μg/mL of 

polybrene. Plates were spun for 2 hours at 2000 rpm at 30°C. Approximately 6 hours after 

infection, all wells within a replicate were pooled and split into 15 cm dishes. 24 hours 

after infection, cells were selected with 2 μg/mL of puromycin and expanded for 6 days. 

60×106 cells were seeded in 15 cm dishes and allowed to adhere for 24 hours. On day 0, 

1 mg/ml of doxycycline was treated to the cells to induce YAP1 suppression. Cells were 

passaged in doxycycline or fresh media containing doxycycline was added every 3–4 days. 

Cells were harvested 14 days after initiation of doxycycline treatment. Genomic DNA was 

purified using the Qiagen DNA Blood Maxi Kit (#51194) according to the manufacturer’s 

protocol. The barcodes corresponding to each ORF were amplified using PCR and analyzed 

by next generation sequencing.

Enriched barcodes were analyzed as follows: Each sample was normalized to a total of 1 

million barcode reads. The number of each barcode after normalization was calculated to its 

log2 value. The log2 value of each barcode in the water treated cells was subtracted from the 

doxycycline treated cells to obtain the log2 fold-change value of each barcode. The averages 

and standard deviations (SD) of the log2 fold-change values in all samples were determined, 

and Z scores for each barcode were calculated as follows: Z Barcode X = (log2 fold-change 

value Barcode X - average) / SD. The Z score was used to evaluate the enrichment of a certain 

ORF in the doxycycline treated cells compared to the water treated cells.
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Meta-analysis of ORF screening data—Meta-analysis of pathway and protein-protein 

interaction (PPI) enrichment was performed with candidate genes from ORF screens 

using the Metascape suite of tools (http://metascape.org) (Tripathi et al., 2015). Pathway 

enrichment analysis was performed within the Molecular Signatures Database (MSigDB) 

(Subramanian et al., 2005). PPI meta-analysis was performed with the merged candidate 

gene lists from all four ORF screens based on the BioGrid, InWeb_IM and OmniPath 

databases per the standard metascape algorithm. The Molecular Complex Detection 

(MCODE) algorithm was applied to identify densely connected network components. The 

network displays and integrated data representations for each figure were derived from 

standard plots generated by the Metascape software.

Immunoblots and antibodies—Cell lysate was purified using RIPA buffer 

(MilliporeSigma #R0278) containing protease inhibitor cocktail (Cell Signaling #5871S) 

and phosphatase inhibitors, sodium fluoride and sodium orthovanadate (NEB #P0759, 

#0758). Immunoblots were performed by separating 20–50 μg of cell lysate per sample 

on 4%−12% Bis-Tris gel (Invitrogen NuPAGE) and transferring the gel to the nitrocellulose 

membrane using iBlot gel transfer device. Membranes were blocked for 1 hour at room 

temperature and incubated with the primary antibodies overnight at 4°C, and then incubated 

with the secondary antibodies (LiCor Biosciences #926–32210, #926–32211, #926–68020, 

#926–68021) for 2 hours at room temperature. Immunoblots were visualized by infrared 

imaging (LI-COR).

For SLC2A1 immunoblots, cytoplasmic and plasma membrane fractions were purified 

using Plasma Membrane Protein Extraction Kit (Thermo Fisher Scientific #NC1053482) 

according to the manufacturer’s protocol. Because boiling caused aggregation of membrane 

proteins and poor resolution by SDS-PAGE, cell lysate was denatured for 30 minutes at 

room temperature following the addition of NuPAGE LDS sample buffer (#NP0007) as this 

prevented the aggregation of membrane proteins. 40 μg of cytoplasmic or plasma membrane 

fraction per sample was used for immunoblots in the same way.

Primary antibodies were obtained from Cell Signaling (YAP1 #4912S, GAPDH 

#5174S, Na,K-ATPase #3010S, p-ERK1/2 (T202/Y204) #4370S, ERK1/2 #9107S, p-AKT 

(S473) #4060S, AKT #2920S, p-S6 (S235/236) #4858S, S6 #2317S, TEAD1 #12292), 

MilliporeSigma (PRDM14 #ABD121, β-Actin #A5316), Novus (CALM2 #NBP2–14871), 

Abcam (SLC2A1 #ab115730, TEAD4 #ab97460), Invitrogen (V5 #R96025) and Bethyl 

Laboratories (CBFA2T2 #A303–593A).

Co-immunoprecipitation—HT29 shYAP1 cells stably expressing empty vector or Flag-

tagged PRDM14 were harvested and lysed with 0.5% Triton X-100 buffer [50 mM Tris–Cl 

(pH 7.5), 150 mM NaCl, 1 mM EDTA and 0.5% Triton X-100]. Cell lysate (1 mg in 1 

mL) was incubated with 40 μL of the 50% anti-Flag M2 magnetic bead (MilliporeSigma 

#M8823) suspension per reaction overnight at 4°C. The beads were washed three times with 

TBS (50 mM Tris HCl,150 mM NaCl, pH 7.4), eluted with Flag peptides (MilliporeSigma 

#F3290) and boiled with NuPAGE LDS sample buffer (#NP0007). CBFA2T2 is a known 

binding partner of PRDM14 (Tu et al., 2016), thus, its immunoblot was included as a 

positive control.
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Clonogenic proliferation assays—Cells were seeded at 2,500–10,000 cells per well in 

24-well plates and allowed to adhere for 24 hours. On day 0, cells were treated with water as 

a control or with 1 mg/ml of doxycycline to induce YAP1 suppression. Media was changed 

every 3–4 days with or without doxycycline treatment. On day 7, cells were fixed with 10% 

formalin and stained with 0.5% crystal violet in 10% ethanol for 20 minutes. Crystal violet 

uptake was extracted with 10% acetic acid and quantified by measuring absorbance at 565 

nm using a SpectraMax M5 microplate reader (Molecular Devices).

Anchorage-independent colony formation assays—A total of 4 mL of 0.6% 

bottom agar in MEM Alpha supplemented with 100 units/mL of penicillin, 100 μg/mL 

of streptomycin and 20% fetal bovine serum was solidified in 6-well plates. 10,000 HA1E 

cells expressing GFP or YAP1 with shGFP or shPRDM14 were added to a total of 5 mL 

of 0.4% top agar in HA1E growth medium and layered onto bottom agar. After 21 days, 

colonies were stained with 0.1% crystal violet followed by washing with distilled water. 

Stained colonies were examined under a dissecting microscope and counted.

In vivo xenografts—For tumor formation experiment, 5-week-old female Taconic NCR-

nude (CrTac:NCr-Foxn1nu) mice were fed with doxycycline-containing diet 2 days before 

cell injection. 106 HT29 or SW48 shYAP1 cells expressing GFP, YAP1, PRDM14, CALM2 

or SLC2A1 were subcutaneously injected into the top, left and right flanks of each 

immunodeficient mouse. Tumor size was measured with caliper every 3–4 days. For 

tumor maintenance experiment, HT29 or SW48 shYAP1 cells expressing GFP, YAP1, 

PRDM14, CALM2 or SLC2A1 were subcutaneously injected into the immunodeficient 

mice. When tumor volume reached 100 mm3 on day 14, YAP1 suppression was initiated 

with doxycycline-containing diet. Tumor size was measured with caliper every 3–4 days. 

Tumor volume was calculated by the formula: volume = length × width2 × 0.5. All 

procedures were performed according to protocols approved by the Institutional Animal 

Care and Use Committees of the Dana-Farber Cancer Institute (protocol number 04–101).

Organoid transduction and CellTiter-Glo 3D cell viability assays—For generation 

of doxycycline-inducible shYAP1 organoids (0544 + shYAP1–3), organoids were digested 

into a single cell suspension in TrypLE Express before infection with lentivirus (pLKO-Tet-

On shYAP1–3). Single cells were centrifuged with virus and 10 μg/mL polybrene at 2000 

rpm for 1 hour. Following centrifugation, cells were incubated at 37°C for 6 hours before 

being washed and plated in Matrigel domes. After 24 hours in intestinal organoid growth 

media (IOGM), organoids were selected in 500 μg/mL of G418 (Thermo Fisher Scientific 

#10131–035) for 10 days. Following expansion, organoids were passaged and treated with 

doxycycline for 7 days. Doxycycline containing IOGM was refreshed every three days.

For generation of doxycycline-inducible shYap1 mouse colon organoids and expression of 

ORFs in all organoid lines, organoids were dissociated into a single cell suspension and 

infected with lentivirus in organoid growth media with 10 μg/mL of polybrene and 10 μM 

of Y-27632 followed by centrifugation at 2000 rpm for 2 hours at 32°C. After overnight 

incubation at 37°C, the cells were detached from the plate, collected and re-plated in 

Matrigel domes. After 24 hours in organoid growth media, organoids were selected with 1 

mg/mL of G418 or 2 μg/mL of puromycin for 7 days.
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For CellTiter-Glo 3D cell viability assays (Promega #G9683), 2,000 cells were seeded in a 

single 5 μL Matrigel aliquot into each well of 96-well plate containing 100 μL of organoid 

growth media. 1 mg/mL of doxycycline was added to the media at 24 hours after organoid 

plating. Doxycycline containing organoid growth media was changed every 2–3 days. After 

7 days, 100 μL of CellTiter-Glo 3D reagent was added into each well of 96-well plate and 

the plate was shaken for 30 min at room temperature to allow the Matrigel to dissolve. Plate 

was read on a SpectraMax M5 microplate reader (Molecular Devices).

Whole exome sequencing—For whole exome sequencing in the patient-derived 

organoid model (0544), total cellular DNA was isolated using the DNeasy Blood & 

Tissue Mini Kit (Qiagen #69504). Quality of isolated genomic DNA was verified by 

following methods: 1) DNA degradation and contamination were monitored on 1% agarose 

gels. 2) DNA concentration was measured using Qubit® DNA Assay Kit in Qubit® 

2.0 Flurometer (Life Technologies). 100X whole exome sequencing was performed by 

Novogene Corporation Inc Service using Illumina NovaSeq 6000 with an average read 

depth of at least 20 million reads. The genomic DNA sample was randomly fragmented by 

sonication (Covaris) to the size of 180–280 bp fragments. Burrows-Wheeler Aligner (BWA) 

was utilized to map the paired-end clean reads to the human reference genome (hg38, 

http://hgdownload.cse.ucsc.edu/goldenPath/hg38/bigZips/analysisSet/hg38.analysisSet.2bit). 

SAMtools (Li et al., 2009) was used for sorting the BAM files, and Picard was utilized to 

mark duplicate reads. Following genomic variant detection, annotation of variants with the 

tool ANNOVAR (Wang et al., 2010) in multiple aspects are performed, including protein 

coding changes, genomic regions affected by the variants, allele frequency, deleteriousness 

prediction according to Novogene internal analysis pipeline.

Quantitative PCR—RNA was purified using an RNeasy Plus Mini Kit (Qiagen #74134). 

cDNA was synthesized using High Capacity RNA-to-cDNA Kit (Invitrogen #4387406) and 

analyzed by quantitative PCR using Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific #4367659) on a QuantStudio 6 Flex PCR system (Applied Biosystems) according 

to the manufacturer’s recommendations. Primer sequences used for qRT-PCR are provided 

in Table S6.

RNA-sequencing—For RNA-sequencing in HT29, SKCO1 and SW48 shYAP1 cells 

expressing GFP, YAP1 or PRDM14, 1,000,000–4,000,000 cells were seeded in 10 cm dishes 

and allowed to adhere for 24 hours. Subsequently, cells were treated with water as a control 

or with 1 mg/ml of doxycycline for 2 days. Total RNA was extracted using an RNeasy Plus 

Mini Kit (Qiagen #74134). RNA sequencing libraries were prepared using a NEBNext Ultra 

Directional RNA Library Prep Kit for Illumina (NEB #E7420). The concentration of each 

cDNA library was quantified with the KAPA Complete Kit (ABI Prism) (Kapa Biosystems 

#KK4835). Libraries were pooled for sequencing using the HiSeq 2500. Reads were mapped 

to the reference human genome (hg19) using Tophat 2.0.2 (Trapnell et al., 2010) and 

genome annotation from the UCSC genome browser (Kent et al., 2002). Transcripts were 

assembled and tested for abundance and differential expression using Cufflinks 2.0.2 module 

(Trapnell et al., 2010) with default setting on GenePattern (Reich et al., 2006).
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ChIP-sequencing—For ChIP-sequencing in HT29, SKCO1 and SW48 shYAP1 cells 

expressing YAP1 or PRDM14, 10–20×106 cells were seeded in 15 cm dishes and allowed 

to adhere for 24 hours. Cells were then treated with water as a control or with 1 

mg/ml of doxycycline for 2 days. Cells were fixed with serum-free media containing 1% 

formaldehyde (Thermo Fisher Scientific #F79–500) for 10 minutes at 37°C. Crosslinking 

was stopped by adding 0.125M of glycine for 5 minutes at 37°C. Cells were collected 

and lysed with Sarkosyl lysis buffer (0.25% Sarkosyl, 1mM DTT, protease inhibitors in 

0.3M RIPA buffer). Samples were sonicated using Bioruptor at high setting for a total 

time of 30 minutes and centrifuged to remove insoluble materials. Lysate was then added 

with A/G Dyna magnetic beads (Thermo Fisher Scientific #10001D, #10003D) that were 

pre-bound to 5 μg of V5 antibody (Cell Signaling #13202) or H3K27Ac antibody (Abcam 

#ab4729), and incubated overnight at 4°C. The beads were washed with 6 times with 0.3M 

RIPA buffer (0.1% SDS, 1% Triton X-100, 10 mM Tris-HCl, 1 mM EDTA, 0.1% NaDOC, 

0.3M NaCl) followed by the last wash with TE buffer. DNA was reverse-crosslinked by 

adding 100 μl of buffer (1% SDS, 0.1M NaHCO3) and incubating for 16 hours at 65°C 

at 600 rpm. Supernatant containing DNA was collected. Sample DNA as well as its input 

was purified using QIAquick PCR Purification Kit (Qiagen #28104) and quantified using 

Quant-iT PicoGreen dsDNA (Thermo Fisher Scientific #P7589). Equal amount of each 

DNA and input of each sample was used for quantitative PCR. Primer sequences used 

for ChIP-qPCR are provided in Table S6. Inputs and sample DNAs were prepared as the 

sequencing libraries using the ThruPLEX DNA-seq Kit (Rubicon Genomics #R400427). 

Libraries were sequenced using 75-bp single reads on Illumina platform at the Dana-Farber 

Cancer Institute core facility. All samples were processed using the ChiLin pipeline (Qin et 

al., 2016) for reads mapping and peak calling. Heatmaps were generated using deepTools 

(Ramirez et al., 2016) and peaks at the specific genomic loci were shown using IGV viewer. 

Integration of RNA-sequencing and ChIP-sequencing datasets was performed using the 

BETA-plus package (Wang et al., 2013).

Gene expression analysis—To identify enriched gene sets, gene set enrichment analysis 

was performed with genes that are bound and upregulated by YAP1 and PRDM14 using 

Molecular Signatures Database (MSigDB) (Subramanian et al., 2005), C6 collection of 

oncogenic signatures (Liberzon et al., 2015).

cBioPortal analysis—TCGA and Pan-Cancer Atlas data available on cBioPortal (Gao 

et al., 2013) was queried for PRDM14 and YAP1 genetic alteration rates in colorectal 

adenocarcinoma samples. Differential gene expression of PRDM14 and YAP1 between 

normal and tumor tissues was analyzed using TIMER (http://timer.cistrome.org/) (Li et al., 

2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using a paired Student’s two-tailed t test and shown 

in the figure legends. For in vivo experiments, an unpaired Student’s two-tailed t test was 

used to assess differences in tumor volumes between groups. All graphs represent the mean 

± SEM of at least three independent experiments, unless indicated otherwise.
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Highlights

• PRDM14 substitutes for oncogenic YAP1 in YAP1-dependent colon cancers.

• PRDM14 activates the transcription of CALM2 and SLC2A1 to rescue YAP1 

suppression.

• PRDM14 is essential for survival of YAP1-dependent colon cancer organoid 

models.

• PRDM14 is amplified or overexpressed in a subset of colorectal 

adenocarcinomas.
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Figure 1. Genome-scale ORF screen identifies genes that rescue cell proliferation upon YAP1 
suppression in YAP1-dependent cells.
(A) Schematic of the genome-scale ORF screens to identify ORFs that rescue cell 

proliferation upon suppression of YAP1 in YAP1-dependent cells.

(B) Immunoblots and clonogenic proliferation assays of HT29, SKCO1, SW48 and 

COLO320 shYAP1 cells expressing GFP or YAP1 with or without YAP1 suppression. Data 

represent mean ± standard error of the mean (SEM) normalized to cell proliferation in water 

treated conditions. P values were calculated using a paired Student’s two-tailed t test; n = 3, 

**, p<0.01, *, p<0.05. Water, without YAP1 suppression; Dox, with YAP1 suppression.

(C) Distribution of Z scores for all screened ORFs. The average of two replicates is shown. 

The gray line indicates 2.5 standard deviations above the mean. Venn diagram illustrates the 

overlap in ORFs with a Z score > 2.5 across all screened cell lines.

See also Figure S1, S2 and Table S1.
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Figure 2. PRDM14 rescues YAP1 suppression in YAP1-dependent cells and xenograft models.
(A) Immunoblots and clonogenic proliferation assays of HT29, SKCO1, SW48 and 

COLO320 shYAP1 cells expressing GFP, YAP1 or PRDM14 with or without YAP1 

suppression. Data represent mean ± SEM normalized to cell proliferation in water treated 

conditions. P values were calculated using a paired Student’s two-tailed t test; n = 3, **, 

p<0.01, *, p<0.05. Water, without YAP1 suppression; Dox, with YAP1 suppression.

(B) Immunodeficient mice were fed with doxycycline diet 2 days before injection of HT29 

shYAP1 cells expressing indicated ORFs. Data represent tumor volume on day 28. P values 

were calculated using an unpaired Student’s two-tailed t test; n = 3, ****, p<0.0001.

(C) HT29 shYAP1 cells expressing indicated ORFs were injected in immunodeficient mice. 

YAP1 suppression was initiated with doxycycline diet on day 14 when tumor volume 

reached 100 mm3. Y-axis indicates percentage change in tumor volume on day 28 relative 
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to day 14. Each bar represents one tumor. Data are representative of three independent 

experiments.

See also Figure S3.
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Figure 3. PRDM14 domain structure and function analysis.
(A) PRDM14 domain structure and PRDM14 mutants.

(B) Immunoblots and clonogenic proliferation assays of HT29 and SW48 shYAP1 cells 

expressing empty vector, PRDM14 wild-type or mutants with or without YAP1 suppression. 

* in the immunoblot represents the exogenously expressing PRDM14-specific band. Data 

represent mean ± SEM normalized to cell proliferation in water treated conditions. P values 

were calculated using a paired Student’s two-tailed t test; n = 3, ***, p<0.001, **, p<0.01.

See also Figure S4 and Table S2.
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Figure 4. PRDM14 and YAP1 regulate overlapping transcriptional programs.
(A) Schematics of ChIP-sequencing and RNA-sequencing experiments.

(B) Venn diagrams illustrate the overlaps in YAP1 and PRDM14 bound peaks upon YAP1 

suppression in each cell line. Heatmaps represent YAP1 and PRDM14 common bound peaks 

in each cell line identified by ChIP-sequencing. YAP1 and PRDM14 common bound peaks 

are ranked from the strongest to the weakest signal in YAP1 ChIP in each cell line.

(C) Venn diagrams illustrate the overlaps in YAP1 and PRDM14 target genes upon YAP1 

suppression in each cell line or across cell lines.

(D) YAP1 and PRDM14 binding status at genomic loci of CALM2 promoter and SLC2A1 

enhancer. H3K27Ac status at these loci is used as a marker for active regions for 

transcription factor binding.

See also Figure S4, S6, Table S2, and S3.
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Figure 5. PRDM14 and YAP1 regulate expression of CALM2 and SLC2A1.
(A) ChIP-qPCR of HT29, SKCO1 and SW48 shYAP1 cells expressing V5-YAP1 or V5-

PRDM14 upon YAP1 suppression to assess YAP1 or PRDM14 DNA binding at CALM2 

promoter and SLC2A1 enhancer regions shown in Figure 4D. Data represent mean ± SEM 

normalized to DNA binding in negative control regions. P values were calculated using 

a paired Student’s two-tailed t test; n = 3, ****, p<0.0001, ***, p<0.001, **, p<0.01, *, 

p<0.05.

(B) mRNA expression of CALM2 and SLC2A1 in HT29, SKCO1 and SW48 shYAP1 cells 

expressing GFP, YAP1 or PRDM14 with or without YAP1 suppression. Data represent mean 

± SEM normalized to mRNA expression in GFP expressing cells without YAP1 suppression. 

P values were calculated using a paired Student’s two-tailed t test; n = 3, ****, p<0.0001, 

***, p<0.001, **, p<0.01.
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(C) Immunoblots of HT29, SKCO1 and SW48 shYAP1 cells expressing GFP, YAP1 or 

PRDM14 with or without YAP1 suppression. Water, without YAP1 suppression; Dox, 

with YAP1 suppression. Cytoplasmic, cytoplasmic fraction; Plasma membrane, plasma 

membrane fraction.

See also Figure S5 and S6.
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Figure 6. CALM2 and SLC2A1 are required for PRDM14 to rescue YAP1 suppression.
(A) Clonogenic proliferation assays of HT29, SKCO1 and SW48 shYAP1 cells expressing 

indicated ORFs with or without YAP1 suppression.

(B) Immunodeficient mice were fed with doxycycline diet 2 days before injection of HT29 

shYAP1 cells expressing indicated ORFs. Data represent tumor volume on day 28. P values 

were calculated using an unpaired Student’s two-tailed t test; n = 3, ****, p<0.0001.

(C) HT29 shYAP1 cells expressing indicated ORFs were injected in immunodeficient mice. 

YAP1 suppression was initiated with doxycycline diet on day 14 when tumor volume 

reached 100 mm3. Y-axis indicates percentage change in tumor volume on day 28 relative 

to day 14. Each bar represents one tumor. Data are representative of three independent 

experiments.

(D) Clonogenic proliferation assays of HT29, SKCO1 and SW48 shYAP1 cells expressing 

indicated ORFs and shRNAs with or without YAP1 suppression.
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(E) Clonogenic proliferation assays of HT29, SKCO1 and SW48 shYAP1 cells expressing 

indicated ORFs with or without YAP1 suppression and a CALM2 inhibitor, W-7 or a 

SLC2A1 inhibitor, BAY-876 treatment.

(F) Proposed mechanism of PRDM14-mediated rescue of cell proliferation and survival 

upon YAP1 suppression.

All data represent mean ± SEM normalized to cell proliferation in water treated conditions 

(A), in shGFP expressing cells without YAP1 suppression (D), or in DMSO treated cells 

without YAP1 suppression (E). P values were calculated using a paired Student’s two-tailed 

t test; n = 3, ****, p<0.0001, ***, p<0.001, **, p<0.01, *, p<0.05, ns, not significant.

See also Figure S5 and S6.
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Figure 7. PRDM14 rescues YAP1 suppression in both mouse and human colon cancer organoid 
models.
(A) CellTiter-Glo 3D cell viability assays of Apc WT, Apc KO and Apc KO;Kras G12D 

mouse colon organoids expressing dox-inducible shYap1 with or without YAP1 suppression.

(B) Immunoblots and CellTiter-Glo 3D cell viability assays of Apc KO and Apc KO;Kras 

G12D shYap1 organoids expressing LUC, YAP1 or PRDM14 with or without YAP1 

suppression.

(C) Representative images, YAP1 mRNA expression, distribution and quantification of APC 

and KRAS mutant patient-derived colon organoids expressing dox-inducible shYAP1 (0544 

+ shYAP1–3) with or without YAP1 suppression. Scale bar, 20 μm.

(D) Immunoblots and CellTiter-Glo 3D cell viability assays of 0544 shYAP1–3 organoids 

expressing LUC, YAP1 or PRDM14 with or without YAP1 suppression.

(E) mRNA expression of CALM2 and SLC2A1 in 0544 shYAP1–3 organoids expressing 

LUC, YAP1 or PRDM14 with or without YAP1 suppression.
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All data represent mean ± SEM normalized to cell viability in water treated conditions (A, 

B, D) or to mRNA expression in LUC expressing cells without YAP1 suppression (E). P 

values were calculated using a paired Student’s two-tailed t test; n = 3, ****, p<0.0001, 

***, p<0.001, **, p<0.01, *, p<0.05. Water, without YAP1 suppression; Dox, with YAP1 

suppression.

See also Figure S7 and Table S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-YAP Cell Signaling Technolody Cat# 4912, RRID:AB_2218911

Rabbit monoclonal anti-GAPDH Cell Signaling Technolody Cat# 5174, RRID:AB_10622025

Rabbit polyclonal anti-Na,K-ATPase Cell Signaling Technolody Cat# 3010, RRID:AB_2060983

Rabbit monoclonal anti-phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204)

Cell Signaling Technolody Cat# 4370, RRID:AB_2315112

Mouse monoclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling Technolody Cat# 9107, RRID:AB_10695739

Rabbit monoclonal anti-phospho-Akt (Ser473) Cell Signaling Technolody Cat# 4060, RRID:AB_2315049

Mouse monoclonal anti-Akt (pan) Cell Signaling Technolody Cat# 2920, RRID:AB_1147620

Rabbit monoclonal anti-phospho-S6 Ribosomal Protein 
(Ser235/236)

Cell Signaling Technolody Cat# 4858, RRID:AB_916156

Mouse monoclonal S6 Ribosomal Protein Cell Signaling Technolody Cat# 2317, RRID:AB_2238583

Rabbit monoclonal anti-TEAD1 Cell Signaling Technolody Cat# 12292, RRID:AB_2797873

Rabbit polyclonal anti-PRDM14 MilliporeSigma Cat# ABD121

Mouse monoclonal anti-beta-Actin MilliporeSigma Cat# A5316, RRID:AB_476743

Rabbit polyclonal anti-Calmodulin 2 Novus Cat# NBP2-14871

Rabbit monoclonal anti-Glucose Transporter GLUT1 
(SLC2A1)

Abcam Cat# ab115730, RRID:AB_10903230

Rabbit polyclonal anti-TEAD4 Abcam Cat# ab97460, RRID:AB_10680436

Mouse monoclonal anti-V5 Epitope Tag Invitrogen Cat# R96025, RRID:AB_159313

Rabbit polyclonal anti-CBFA2T2 Bethyl Laboratories Cat# A303-593A, RRID:AB_11125147

Rabbit monoclonal anti-V5-Tag Cell Signaling Technolody Cat# 13202, RRID:AB_2687461

Rabbit polyclonal anti-Histone H3 (acetyl K27) Abcam Cat# ab4729, RRID:AB_2118291

IRDye 800CW Goat anti-Mouse IgG LI-COR Biosciences Cat# 926-32210, RRID:AB_621842

IRDye 800CW Goat anti-Rabbit IgG LI-COR Biosciences Cat# 926-32211, RRID:AB_621843

IRDye 680LT Goat anti-Mouse IgG LI-COR Biosciences Cat# 926-68020, RRID:AB_10706161

IRDye 680LT Goat anti-Rabbit IgG LI-COR Biosciences Cat# 926-68021, RRID:AB_10706309

Chemicals, Peptides, and Recombinant Proteins

G418 sulfate Thermo Fisher Scientific Cat# 10131-035

Puromycin dihydrochloride Thermo Fisher Scientific Cat# A1113803

Blasticidin S HCl Thermo Fisher Scientific Cat# A1113903

Doxycycline Clontech Cat# 631311

MK-2206 2HCl Selleck Chemicals Cat# 1078

Ipatasertib (GGC-0068) Selleck Chemicals Cat# 2808

Trametinib Selleck Chemicals Cat# 2673

Selumetinib Selleck Chemicals Cat# 1008

W-7, hydrochloride MilliporeSigma Cat# 681629

BAY-876 Tocris Bioscience Cat# 6199

Polybrene MilliporeSigma Cat# TR-1003-G
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REAGENT or RESOURCE SOURCE IDENTIFIER

anti-Flag M2 magnetic bead MilliporeSigma Cat# M8823

Flag peptide MilliporeSigma Cat# F3290

Matrigel Corning Cat# 354234

EGF Life Technologies Cat# PMG8041

Y-27632 MilliporeSigma Cat# Y0503

SB431542 MilliporeSigma Cat# 616461

Collagenase XI MilliporeSigma Cat# C9407

DNase I StemCell Cat# 07900

Growth factor reduced Matrigel Corning Cat# 356231

B-27 supplement Thermo Fisher Scientific Cat# 17504044

Noggin Thermo Fisher Scientific Cat# PHC1506

N-acetylcysteine MilliporeSigma Cat# A9165

Nicotinamide MilliporeSigma Cat# N3376

SB202190 MilliporeSigma Cat# S7067

A 83-01 Tocris Cat# 2939

PGE2 Tocris Cat# 2296

Critical Commercial Assays

DNA Blood Maxi Kit Qiagen Cat# 51194

Plasma Membrane Protein Extraction Kit Thermo Fisher Scientific Cat# NC1053482

RNeasy Plus Mini Kit Qiagen Cat# 74134

NEBNext Ultra Directional RNA Library Prep Kit for 
Illumina

NEB Cat# E7420

KAPA Complete Kit (ABI Prism) Kapa Biosystems Cat# KK4835

QIAquick PCR Purification Kit Qiagen Cat# 28104

Quant-iT PicoGreen dsDNA Thermo Fisher Scientific Cat# P7589

ThruPLEX DNA-seq Kit Rubicon Genomics Cat# R400427

DNeasy Blood & Tissue Mini Kit Qiagen Cat# 69504

CellTiter-Glo 3D Cell Viability Assay Promega Cat# G9683

Deposited Data

ORF screen data This study Table S1

RNA-seq and ChIP-seq data This study GSE182432

Whole exome sequencing data This study PRJNA756046

Analysis of genetic alteration in cancer cBioPortal (Gao et al., 2013) https://www.cbioportal.org/

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-3216, RRID:CVCL_0063

HT-29 ATCC Cat# HTB-38, RRID:CVCL_0320

SK-CO-1 ATCC Cat# HTB-39, RRID:CVCL_0626

SW48 ATCC Cat# CCL-231, RRID:CVCL_1724

COLO 320 ATCC Cat# CCL-220, RRID:CVCL_0219

HA1E Previous study (Hahn et al., 1999) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

NCR-nude mouse (CrTac:NCr-Foxn1nu) Taconic Biosciences NCRNU-F

Apc WT and KO mouse colon organ oid 
models (Apcflox/flox; tdRFPLSL and Lgr5-eGFP-CreER; 
Apcflox/flox; tdRFPLSL)

This study N/A

Apc KO;Kras G12D mouse colon or ganoid model 
(Adeno-Cre treatment of Apcflox/flox; LSL-KrasG12D)

Kevin Haigis lab at Dana-Farber 
Cancer Institute

N/A

Patient-derived colon organoid model (0544) This study N/A

Oligonucleotides

Table S6 This study N/A

Recombinant DNA

pLKO-Tet-On Novartis N/A

Human ORFeome library collection 8.1 Broad Institute N/A

pLX317 GFP Broad Institute BRDN0000559466

pLX317 ANPEP Broad Institute TRCN0000476147

pLX317 GRAMD1B Broad Institute TRCN0000481176

pLX317 HDAC6 Broad Institute TRCN0000471558

pLX317 HSP90AA1 Broad Institute TRCN0000491541

pLX317 MAP3K5 Broad Institute TRCN0000488584

pLX317 PIK3CB Broad Institute TRCN0000467602

pLX317 PRDM14 Broad Institute TRCN0000471194

pLX317 YAP1 Broad Institute TRCN0000477457

pLX317 WWTR1 Broad Institute TRCN0000472318

pLX317 CALM2 Broad Institute TRCN0000479230

pLX317 SLC2A1 Broad Institute TRCN0000476750

pLX317 TEAD2 Broad Institute TRCN0000478936

pLX304 GFP Broad Institute ccsbBroad304_99986

pLX304 PRDM14 Broad Institute ccsbBroad304_08822

pLX304 YAP1 Broad Institute ccsbBroad304_07601

pLX304 CALM2 Broad Institute ccsbBroad304_00207

pLX304 SLC2A1 Broad Institute ccsbBroad304_01540

pLKO.1 puro shGFP Previous Study (Kim et al., 2014) N/A

pLKO.1 puro shYAP1-1 Broad Institute TRCN0000107265

pLKO.1 puro shYAP1-2 Broad Institute TRCN0000107266

pLKO.1 puro shPRDM14-1 Broad Institute TRCN0000018523

pLKO.1 puro shPRDM14-2 Broad Institute TRCN0000018525

pLKO.1 puro shPRDM14-3 Broad Institute TRCN0000018524

pLKO.1 puro shPRDM14-4 Broad Institute TRCN0000018527

pLKO.1 puro shPRDM14-5 Broad Institute TRCN0000018526

pLKO.1 puro shCALM2-1 Broad Institute TRCN0000195431
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REAGENT or RESOURCE SOURCE IDENTIFIER

pLKO.1 puro shCALM2-2 Broad Institute TRCN0000196508

pLKO.1 puro shCALM2-3 Broad Institute TRCN0000052580

pLKO.1 puro shSLC2A1-1 Broad Institute TRCN0000043583

pLKO.1 puro shSLC2A1-2 Broad Institute TRCN0000043587

pLKO.1 puro shTEAD1/3/4-1 This study N/A

pLKO.1 puro shTEAD1/3/4-2 This study N/A

pLX307 P2A GFP Luciferase This study N/A

pLX307 P2A GFP YAP1 This study N/A

pLX307 P2A GFP PRDM14 This study N/A

Software and Algorithms

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/scientific-
software/prism/

Metascape Previous study (Tripathi et al., 2015) http://metascape.org

ChiLin Previous study (Qin et al., 2016) http://cistrome.org/chilin/

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

Tuxedo Suite RNA-seq analysis package on GenePattern Previous study (Trapnell et al., 2010) https://www.genepattern.org/

BETA-plus package on Cistrome Previous study (Wang et al., 2013) http://cistrome.org/

Gene Set Enrichment Analysis Previous study (Subramanian et al., 
2005)

https://www.gsea-msigdb.org/gsea/
index.jsp

SAMtools Previous study (Li et al., 2009) http://www.htslib.org/

ANNOVAR Previous study (Wang et al., 2010) https://annovar.openbioinformatics.org/

TIMER Previous study (Li et al., 2020) http://timer.cistrome.org/
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