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RNA dysregulation is a ubiquitous feature of human cancers and misexpression of even a single 

RNA isoform is sufficient to drive cancer. Among types of RNA processing, alternative cleavage 

and polyadenylation (APA), a process whereby a messenger RNA is cleaved at a polyadenylation 

signal sequence and a poly(A) tail is added, stands out as poorly functionally studied yet broadly 

dysregulated in all cancer subtypes studied. Global patterns in APA are associated with patient 

outcomes, response to chemotherapy, and patterns of immune infiltration, all of which point to a 

functional role of APA in human cancers. An absence of molecular tools has led to a large number 

of cataloged APA events that have no functional understanding and a reliance on a sufficient 

number of adjacent healthy control tissues has led to an outsized focused on a small number of 

human cancer subtypes. In this dissertation, I address these problems and describe a computational 

framework to assess global patterns in poly(A) site selection that allows for intra and inter dataset 

comparisons without normalization to a healthy tissue control and a novel, CRISPR/Cas9 based 

method to functionally screen APA events in a live, immunocompetent host.  I demonstrated that 

3′ UTR lengthening in a single gene, ATG7, reduces melanoma tumor engraftment and boosts 



 

tumor immune evasion in both mouse and human melanoma. I then further characterize pan-cancer 

alterations in APA and identify that colorectal adenocarcinoma displays significantly distinct 

patterns in poly(A) site selection compared to all other datasets analyzed. I provide compelling 

evidence from human colorectal adenocarcinoma samples and genetically modified human colon 

organoid samples that adenomatous polyposis coli (APC) is an RNA binding protein that regulates 

poly(A) site selection. Together, this work demonstrates that APA is pervasive in human cancers 

and represent a novel source of potential targets for clinical therapy development. 
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Chapter 1. INTRODUCTION  

Despite advances in both the mechanistic underpinnings and therapeutic interventions, 

cancer remains a leading cause of human morbidity and mortality (Ferlay et al., 2019). While 

significant effort has been devoted to deep understandings of a small number of known tumor 

suppressor and protooncogenes, growing evidence suggests non-genetic adaptations in cancer 

cells contribute to or drive every cancer hallmark (Abdel-Wahab & Gebauer, 2018; Anczukow & 

Krainer, 2016; Dvinge et al., 2016). For example, aberrant RNA processing drives many cancers 

and expression of even a single RNA isoform can drive cancer formation. For example, in the 

context of SF3B1 mutant uveal melanoma, alternative splicing of the tumor suppressor BRD9 

can lead to increased poison exon inclusion, leading to transcript degradation of BRD9 via 

nonsense-mediated decay (Inoue et al., 2019). This work further goes on to demonstrate that 

BRD9 is located in on a chromosome that is frequently amplified in many cancer including uveal 

melanoma, explain why cancer’s may select for a splicing based mechanism to nullify gene 

function rather than acquiring several loss-of-function mutations in several gene copies (Inoue et 

al., 2019). Non-genetic mechanisms, and specifically alternative RNA processing, represent an 

understudied contribution to cancer phenotypes and thus an untapped source of potential cancer 

therapeutics. 

Among RNA processing, alternative polyadenylation (APA) stands out as being 

recurrently dysregulated in all human cancers studied, yet there have been no studies that 

comprehensively investigate how APA functionally contributes to disease progression (Elkon et 

al., 2013; Gruber & Zavolan, 2019). There is therefore a critical need to understand the 

molecular effects of APA and identify functionally relevant APA events in cancer.  

More than 70% of all mRNAs in the cell contain multiple polyadenylation sites within 

their 3′ UTR and ample sequencing evidence suggests that most mRNAs are regulated via APA 

(Derti et al., 2012; Tian et al., 2005; H. Zhang et al., 2005). APA is altered throughout 

development where several studies have demonstrated that as cells divide and differentiate 

within the developing embryo, cells begin to use more distal poly(A) sites across most tissue 

with terminally differentiated, non-dividing cells such as neurons displaying the largest increase 

in use of more distal poly(A) sites (Ji et al., 2009). Single cell approaches have validated these 
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findings at the global scale, where most genes display 3′ UTR lengthening as development 

progresses (Agarwal et al., 2021). However, several genes display temporal or cell type specific 

regulation that in some cases correlated with cell type specific patterns in gene expression 

(Agarwal et al., 2021). These observations from development support the idea that rapidly 

dividing or undifferentiated cells may globally prefer proximal poly(A) sites and more 

differentiated, slower dividing cells often use more distal poly(A) sites. Experiments in immune 

cell populations ex vivo have determined that stimulation, which induces rapid cell proliferation, 

of several cell types including monocytes, CD4+ T cells and B cells causes global 3′ UTR 

shortening (Sandberg et al., 2008). In all these systems the relationship between 3′ UTR length 

and cell division rate or differentiation state are still correlative. A study focused on 

disentangling cell cycle kinetics and poly(A) site selection found that cell types that need to 

secrete huge amount of protein, in particular syncytiotrophoblast cells in the human placenta, 

display 3′ UTR shortening of several genes to stabilize mRNA levels in a manner that was 

independent of cell division rate (Cheng et al., 2020). APA alterations across development and 

biological contexts suggests it is a tool employed by cells to alter mRNA and protein levels, 

however APA can also alter other aspects of mRNAs and proteins.  

Increased distal poly(A) site selection leads to 3′ UTR lengthening and for some mRNAs 

this leads to the inclusion of binding sites for miRNAs or RNA-binding proteins (RBPs) (Gruber 

& Zavolan, 2019). This can alter mRNA localization as RBPs may bind and transport mRNAs to 

specific cellular locations for local translation. In neurons, 3′ UTR lengthening of the gene 

Calm1 allows for anterograde transport of the mRNA to axon terminals where the gene is 

translated locally (Bae et al., 2020). Specific ablation of the Calm1 distal poly(A) site leads to 

dorsal root ganglion malformations in mice, suggesting the local translation of Calm1 is essential 

for establishing connections between neurons in the developing embryo (Bae et al., 2020). APA 

can also alter protein localizations. Use of the distal poly(A) site, but not the proximal poly(A) 

site, in the gene CD47 leads to transient interactions with HuR, SET and activated RAC1 that 

leads to the protein localizing to the plasma membrane instead of the endoplasmic reticulum 

(Berkovits & Mayr, 2015). Thus, APA represents a mechanism via which cells can alter mRNA 

and protein localization without altering the final amino acid sequence.  

Dysregulation of APA also leads to disease. Trinucleotide repeat expansion in PABPN1, 

which functions binds and blocks proximal poly(A) site use, leads to Oculopharyngeal Muscular 
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Dystrophy, a rare, progressive disease that slowly kills muscle cells in the eyes, upper body and 

pharynx (Raz et al., 2017). The exact pathophysiology is still unknown, but muscle cells which 

preferentially use distal poly(A) sites, are for some reason more susceptible to the toxicity of the 

repeat expansion in PABPN1 even though the gene is ubiquitously expressed in all tissues (Raz 

et al., 2017). Poly(A) site selection is also globally dysregulated in Duchenne Muscular 

Dystrophy (Batra et al., 2014). Duchenne Muscular Dystrophy is most commonly due to a 

trinucleotide repeat expansion in the DMPK gene, which sequesters MBNL1, an RBP known to 

influence splicing and poly(A) site selection leading to muscle cell dysfunction and eventual 

muscle cell death (Batra et al., 2014). Pathological implication of disruption of APA in muscular 

dystrophies are still poorly understood due to a lack of large sequencing datasets; however, in 

other diseases, specifically cancer, the landscape of APA is more well defined.  

Several independent observations support the hypothesis that APA is functionally 

relevant to cancer progression. Cells with higher rates of cell division, including cancer cells, 

tend to have significantly shorter 3′ UTRs, due to use of more proximal poly(A) cleavage sites 

(Sandberg et al., 2008). Shifts in 3′ UTR length affect protein production and protein localization 

(Berkovits & Mayr, 2015; Mayr & Bartel, 2009), both of which have the potential to fuel cancer 

phenotypes. Many non-mutated poly(A) complex proteins are overexpressed in cancer and drive 

universal changes in 3′UTR lengths. For example, CSTF2 and PABPC1 - both critical regulators 

of poly(A) site selection and cleavage - are commonly overexpressed in many human cancers 

(Xia et al., 2014). Analysis of RNA-seq data shows that expression of these key poly(A) 

complex proteins is strongly correlated with global 3′UTR lengths in many cancers (Goering et 

al., 2020; Xia et al., 2014). Studies of gene expression in cancer often attempt to correlate 

mRNA abundance with patient outcomes, thus providing insight to critical pathways or genes 

influencing tumor growth. Comparisons of different features of mRNA reveals that global 

measures of APA and 3′ UTR length correlate with patient outcomes better than mRNA 

abundance in a number of cancers (Goering et al., 2020; Xia et al., 2014; Xue et al., 2018). This 

observation underscores the importance of exploring the functional relevance of APA events.  

While these findings are compelling and have been recapitulated by several independent 

groups, they are overwhelmingly correlative studies. The field still lacks comprehensive 

experimental evidence of whether recurrent APA events can drive cancer phenotypes like 

unchecked cell growth (Gruber & Zavolan, 2019). In Chapter 2, I present a high-throughput 
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functional screening approach to identify APA events that drive melanoma formation in an 

immunocompetent host. I identify a specific APA event that alters both cancer cell growth in 

vivo and modifies tumor immune interactions in both mice and human melanoma. In Chapter 3, I 

look more broadly at pan-cancer trends of protein regulators of poly(A) site selection and 

identify that colorectal adenocarcinoma is a striking outlier, where expression of known poly(A) 

regulators is poorly correlated with 3′ UTR length. I provide strong evidence that the tumor 

suppressor protein Adenomatous Polyposis Coli (APC) regulates poly(A) site selection via direct 

RNA binding and demonstrate that the degree of 3′ UTR lengthening is correlated with patient 

survival and clinically actionable molecular signatures. Together, this work highlights that APA 

plays a functional role in shaping cancer phenotypes like unchecked growth and immune escape, 

and that APA events represent a novel source of potential therapeutic targets for human cancers.  
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Chapter 2. HIGH-THROUGHPUT FUNCTIONAL 

CHARACTERIZATION OF MELANOMA 

SPECIFIC ALTERNATIVE POLYADENYLATION 

This research is in review at Nature Communications. RNA-seq and Poly(A)-seq mapping was 

completed by James D. Thomas and Robert Bradley. James D. Thomas and Robert Bradley 

assisted with paired-guide RNA library design, pgRNA data analysis, experimental design, and 

idea inception. In vitro and in vivo growth studies were completed with assistance from Andrea 

Belleville. Autophagy LC3-flow cytometry assays were completed with assistance from Siegen 

McKellar. The remaining work described here, including computational analyses of poly(A) site 

selection and survival, pgRNA CRISPR/Cas9 screen, in vitro and in vivo B16-F10 experiments, 

and immunotherapy cohort analyses represent my contribution to the work. All writing and 

figures were generated by me with revisions and review completed by Robert Bradley, Andrea 

Belleville, Siegen McKellar and James D. Thomas. 
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2.1 SUMMARY 

Alternative polyadenylation (APA) is strikingly dysregulated in many cancers. Although APA 

dysregulation is frequently associated with poor prognosis, the biological importance of most 

APA events remains unclear simply because few have been functionally studied. Here, we 

performed a CRISPR/Cas9-based screen to assess individual APA events’ contributions to tumor 

growth in vivo. Forcing use of specific polyadenylation sites altered mRNA and protein levels to 

modify mouse melanoma growth in an immunocompetent host. Our screen highlighted APA 

events of potential clinical relevance. For example, forced Atg7 3′ UTR lengthening in mouse 

melanoma reduced ATG7 protein levels and tumor immune infiltration; similarly, in human 

melanoma, a long ATG7 3′ UTR and low mRNA levels were significantly associated with 

reduced anti-tumor T cell activity and failure of immune checkpoint blockade. Our data 

demonstrate that cancer-associated APA plays a causative role in tumorigenesis and motivate 

future studies of the therapeutic potential of modulating APA. 

2.2 INTRODUCTION 

Alternative cleavage and polyadenylation (APA) – the process whereby a pre-mRNA can be 

cleaved and have a poly(A) tail added at multiple distinct locations, leading to expression of 

mRNAs with different 3′ untranslated regions (UTRs) – affects most human genes (Derti et al., 

2012). Although the biological roles of most APA events are unknown, detailed studies have 

revealed that APA can affect mRNA levels, localization, and translation, among other molecular 

phenotypes (Berkovits & Mayr, 2015; Ji et al., 2009; Spies et al., 2013). Differential 

polyadenylation site usage is commonly observed in many biological processes, frequently in a 

biased manner indicative of coordinated regulatory changes (Lianoglou et al., 2013; Zhang et al., 

2005). For example, rapidly dividing cells frequently utilize gene-proximal over gene-distal 

poly(A) sites, and thus express mRNAs with correspondingly shorter 3′ UTRs, compared to non-

dividing, terminally differentiated cells. mRNAs are differentially polyadenylated throughout 

development, where terminally differentiated cells tend to utilize more distal poly(A) sites (Ji et 

al., 2009); immune cell subsets including monocytes, T cells, and B cells undergo global 3′ UTR 

shortening when stimulated by their respective chemokines to begin dividing (Sandberg et al., 
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2008); many cancers express mRNAs with markedly shorter 3′ UTRs than do peritumoral, 

healthy tissues (Goering et al., 2020; Mayr & Bartel, 2009; Xia et al., 2014).  

It is well-established that APA is recurrently dysregulated in virtually all cancer types, 

yet it remains unknown whether most APA dysregulation is causally relevant to cancer 

progression or instead simply a downstream consequence of rapid cell division (Gruber & 

Zavolan, 2019; Hu et al., 2021; Xu & Zhang, 2018; Zhang et al., 2020, 2022). Consistent with a 

functional role for APA dysregulation in cancers, several studies have reported that APA 

dysregulation correlates with patient outcomes in a subset of tumor types and that overexpression 

of an mRNA utilizing a proximal poly(A) site, but not a distal poly(A) site, can promote 

enhanced cancer cell growth (Andres et al., 2019; Tan et al., 2021). Nonetheless, much work 

remains in order to test the potential functional roles of cancer-associated APA. The vast 

majority of cancer-associated APA events have never been studied. Most functional studies of 

APA have relied on transgenic expression, rather than manipulation of APA in an endogenous 

context, and no study has yet manipulated endogenous, cancer-associated APA events in the 

physiological context of tumorigenesis in vivo. 

Here, we sought to test the hypothesis that cancer-associated APA dysregulation can play 

a causative, rather than simply correlative, role in tumorigenesis by functionally studying 

endogenous APA site selection in the physiologically relevant setting of tumorigenesis in vivo. 

To do so, we took advantage of recent reports that paired-guide RNAs (pgRNAs) can be utilized 

with CRISPR/Cas9 to ablate expression of individual isoforms and thereby force expression of 

an isoform of interest (Bae et al., 2020; Brumbaugh et al., 2018; Gonatopoulos-Pournatzis et al., 

2020; Mitschka & Mayr, 2021; Pereira-Castro et al., 2022; Thomas et al., 2020; Q. Wang et al., 

2018). This approach enabled us to develop a high-throughput platform for screening cancer-



 

 

8 

associated APA events during tumorigenesis in an immune-competent host, which in turn 

revealed a subset of APA events with marked functional consequences for tumor phenotypes. 

2.3 RESULTS 

2.3.1 Global 3′ UTR lengthening predicts poor patient prognosis in human melanoma 

To assess whether cancer-associated changes in APA are relevant to clinical phenotypes, we 

tested whether global APA dysregulation was significantly associated with patient outcomes. 

Several prior studies have analyzed RNA sequencing data from The Cancer Genome Atlas 

(TCGA) and observed significant associations between global APA dysregulation and patient 

survival; however, those studies limited analyses to the 17 tumor types for which there were 

sufficient patient-matched, peritumoral normal tissue samples available (Xia et al., 2014; 

Goering et al., 2020). In order to extend such analyses to all tumor types, including those for 

which peritumoral samples are not available, we instead took a stratification-based approach that 

relied on data from tumor samples alone. For each cancer subtype, we stratified patients into 

terciles representing whether their tumor transcriptomes preferentially expressed short, medium, 

or long 3′ UTRs by computing a median 3′ UTR length for each tumor across 7,513 genes that 

are subject to alternative polyadenylation (Figure 1A-H; Supp. Figure 1A-C). This measure of 

global 3′ UTR length was significantly positively correlated with PABPN1 expression in 28 of 

30 cancer subtypes and significantly negatively correlated with CSTF2 expression in 21 of 30 

cancer subtypes, consistent with PABPN1 and CSTF2’s known roles as a repressor or activator 

of proximal poly(A) site usage, respectively (Supp. Figure 1D-I) (Jenal et al., 2012; Li et al., 

2015; Yao et al., 2012). 

We then performed Kaplan-Meier survival analysis by comparing patients with short or 

long median 3′ UTRs and found significant survival differences that varied substantially by 

cancer type (Figure 1I; Supp. Figure 2A-D; Supp. Table 1). In ovarian carcinoma, renal cell 

carcinoma, breast carcinoma, colon adenocarcinoma, and lung adenocarcinoma, patients whose 

cancers expressed shorter 3′ UTRs exhibited significantly worse overall survival (Figure 1I-J; 

Supp. Figure 2D). Several cancer subtypes displayed the opposite trend, where patients with 

globally lengthened 3′ UTRs exhibited significantly worse overall survival, including head and 

neck squamous cell carcinoma, low grade glioma, and cutaneous melanoma (Figure 1I-J; Supp. 
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Figure 2D). These variable associations illustrate the potentially clinically relevant roles of APA 

and highlight the likely complexity of the relationship between 3′ UTR length trends and 

prognosis. 

These results are necessarily based upon computational inference of 3′ UTR length using 

poly(A)-selected RNA-seq data, rather than assays like 3′-seq that provide nucleotide-level 

resolution of 3′ UTR length, due to the nature of most patient transcriptomic data. We therefore 

confirmed that our results were agnostic to the specific computational algorithm used to infer 3′ 

UTR usage by measuring 3′ UTR length using a distinct method, APAlyzer (Wang & Tian, 

2020). We repeated our analyses for the cutaneous melanoma cohort, which demonstrated the 

most significant associations between 3′ UTR length and patient survival among TCGA cohorts, 

and found concordant and similarly strong associations between 3′ UTR length and survival 

(Supp. Figure 2E-F; Supp. Table 2). Together, these analyses highlight a subset of cancer types 

where global APA is strongly correlated with patient survival, suggesting possible functional 

relationships between APA and tumor growth. 

2.3.2 A mouse model of melanoma exhibits cancer-associated aberrant alternative 

polyadenylation 

Motivated by these strong associations between APA and patient prognosis, we sought to 

experimentally test the hypothesis that APA dysregulation affecting specific genes functionally 

contributes to tumorigenesis. As clinical melanoma exhibited the strongest correlations between 

3′ UTR length and patient survival (Figure 1I-J), we turned to syngeneic mouse models of 

untransformed melanocytes and melanoma to functionally study APA in biologically relevant 

and experimentally tractable systems. B16-F10 cells are mouse melanoma cells that readily 

engraft and form aggressive tumors in immunocompetent C57BL/6 mice, while Melan-A cells 

are immortalized but non-tumorigenic melanocytes derived from the same C57BL/6 background 

(Figure 2A) (Bennett et al., 1987; Overwijk & Restifo, 2001). These two models therefore 

provided an opportunity to identify melanoma-associated APA by comparing immortalized 

melanocytes and melanoma cells in a consistent genetic background context. 

We profiled global gene expression and poly(A) site selection in each of the two syngeneic cell 

lines with high-replicate RNA-seq and Poly(A)-seq (Figure 2B). We identified significant 
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differences in APA site selection between the two cell lines (n = 6 replicates per cell line) with 

APAlyzer. This analysis revealed 654 significantly differentially polyadenylated transcripts for 

which differential APA site selection was supported by both Poly(A)-seq and RNA-seq (Figure 

2C-F; Supp. Table 3). 204 genes displayed strong correlations between APA and differential 

gene expression, but the majority did not, consistent with the idea that many APA events have 

gene- or protein-specific effects rather than simply modulating transcript levels in an easily 

predictable manner (Spies et al., 2013) (Figure 2G). 

We next compared APA in mouse and human melanoma. For each gene, we calculated 

the relative distal poly(A) site use in the B16-F10 mouse melanoma model system and for the 

human gene ortholog in the 424 TCGA melanoma samples and then computed the Pearson 

correlation for those gene-level values. This analysis revealed a modest but significant positive 

correlation between APA in mouse and human melanoma (R = 0.24, p = 2.2x10-16; Supp. Figure 

3A-C). Overall, these data demonstrate that widespread alterations in APA characterize the B16-

F10 model of mouse melanoma, suggesting that it may be a useful system for dissecting the 

functional contributions of individual APA events to tumorigenesis. 

2.3.3 CRISPR-Cas9 paired-guide RNAs enable functional manipulation of alternative 

polyadenylation 

In order to identify possible functional roles for the APA events that we identified in melanoma, 

we sought to manipulate endogenous poly(A) site selection in order to test how each APA event 

influenced tumor growth. We utilized a well-established approach for endogenous poly(A) site 

manipulation, wherein CRISPR/Cas9 paired-guide RNAs (pgRNAs) are used to precisely delete 

an individual poly(A) site. This approach has been utilized by multiple groups to force usage of 

specific poly(A) sites in Trp53, Calm1, and other genes (Bae et al., 2020; Mitschka & Mayr, 

2021; Pereira-Castro et al., 2022; Q. Wang et al., 2018). 

We tested the efficacy of this approach in our melanoma model system using Sap30l, 

which has two distinct poly(A) sites separated by several kilobases. B16-F10 cells preferentially 

expressed SAP30L mRNA with the shorter 3′ UTR, while Melan-A cells preferentially utilized 

the longer 3′ UTR (Figure 2C). We generated constitutive Cas9-expressing B16-F10 cells that 

we then transduced with two distinct pgRNAs designed to delete the proximal polyadenylation 
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signal sequence within the Sap30l 3′ UTR (Figure 3A-B). Cas9-expressing B16-F10 cells 

treated with either pgRNA designed to knock out the proximal polyadenylation signal sequence 

(pKO) of Sap30l exhibited appreciable levels of genomic DNA excision at the expected site 

(Figure 3C; Supp Figure 3A-B). We generated seven monoclonal lines with heterozygous 

excision of the proximal Sap30l polyadenylation signal, five monoclonal lines with homozygous 

excision, and six monoclonal negative control lines transduced with a non-targeting control 

(NTC) pgRNA (Supp. Figure 3C). Treatment with either of the two distinct Sap30l pKO 

pgRNAs significantly increased use of the distal polyadenylation signal sequence in both the 

polyclonal and monoclonal settings as measured by RT-PCR, where cells with homozygous 

deletion of the proximal poly(A) signal displayed the highest use of the distal poly(A) site 

(Figure 3D-E). Using qRT-PCR to measure SAP30L mRNA levels, we found that homozygous 

excision of the proximal poly(A) signal led to a median reduction in total SAP30L mRNA levels 

of 47.9% (Figure 3F; p = 0.017 computed across the monoclonal isolates). We also observed a 

strong negative correlation between distal polyadenylation site usage and total mRNA abundance 

for Sap30l (Figure 3G; p = 0.0084). We concluded that targeted deletion of proximal poly(A) 

sites using a CRISPR/Cas9 pgRNA approach can effectively force distal poly(A) site use in both 

polyclonal and monoclonal populations of B16-F10 cells.  

2.3.4 High-throughput functional screening identifies alternative polyadenylation that 

regulates murine melanoma growth in vitro and in vivo 

To test if APA is functionally relevant in melanoma, we designed a custom pgRNA library 

targeting 143 proximal polyadenylation signal sequences that we identified as cancer-associated 

from our genomic analyses (Supp. Figure 5A; Supp. Table 4). Approximately 25% of these 

APA events were dysregulated in both human and mouse melanoma (36 targets), while 75% 

were specific to mouse melanoma (107 targets) (Supp. Figure 5B). We created downloadable 

BED files to visualize pgRNA library design alongside the Poly(A)-seq data from B16-F10 and 

Melan-A cells that we used to select targets (Supp. Figure 6). The final library comprises 8-10 

unique targeting pgRNAs per proximal poly(A) signal, 150 positive control pgRNAs designed to 

knock out 15 distinct genes known to be involved in tumor growth control, and 150 negative 

control pgRNAs targeting proximal polyadenylation signals in genes that are not expressed in 

B16-F10 cells. We included ample negative control pgRNAs in order to allow for accurate 



 

 

12 

determination of empirical false discovery rates (FDRs) and robust statistical significance testing 

(Supp. Figure 5B)(Thomas et al., 2020). The resulting targeting, positive control, and negative 

control pgRNAs each have similar distributions of on- and off-target scores relative to pgRNA 

libraries that we and others have previously used for functional interrogation of tumorigenesis 

(Supp. Figure 5C-D) (Thomas et al., 2020). We then cloned this library of 1,718 unique 

pgRNAs via oligo array cloning as previously described (Gasperini et al., 2017) and confirmed 

excellent library diversity with next-generation sequencing of the final plasmid pool (Supp. 

Figure 5E-F).  

We used this library to identify APA that influenced tumor growth by performing paired 

in vitro and in vivo screens in B16-F10 cells (Figure 4A). In brief, we infected Cas9-expressing 

B16-F10 cells with the lentiviral library at an MOI of 0.2. 24 hours later, we added 0.5 ug/mL 

puromycin, which we left for 2 days, and then cultured for one more day in puromycin-free 

media. We then split the cells into 8 replicates. For each replicate, we collected a day 0 fraction, 

plated 500,000 cells for culturing in vitro, or subcutaneously injected 500,000 cells into a mouse 

flank for tumor growth in vivo. After 20 days of monitored growth, cells and tumors were 

harvested, and total genomic DNA (gDNA) was extracted using established methods (Chen et 

al., 2015). gDNA from the plasmid pool, day 0 time points, and day 20 in vitro and in vivo time 

points was then PCR amplified and subjected to next-generation sequencing with ~2,500-fold 

coverage per pgRNA.  

We performed enrichment analysis and FDR computation using our previously described 

statistical framework (Thomas et al., 2020). In brief, we normalized the fold-changes relative to 

day 0 for a given replicate such that the median of all pgRNAs targeting poly(A) sites in 

unexpressed genes was equal to 1 and pooled computed fold-changes across all replicates for a 

given condition to maximize statistical power (Supp. Table 5). We then calculated a p-value for 

significant enrichment/depletion associated with each poly(A) site target by comparing the 

distribution of fold-changes for all pgRNAs targeting that poly(A) site to the distribution of 

pgRNAs targeting poly(A) sites in unexpressed genes. We computed empirical false-discovery 
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rates (FDRs) for each targeted poly(A) site using a subsampling procedure across negative 

control pgRNAs targeting unexpressed genes (n = 10,000 samples). 

Both positive and negative control pgRNAs performed as expected in vitro and in vivo 

(Figure 4B-D; Supp. Figure 7A-C). pgRNAs designed to knock out genes that are essential for 

tumor growth exhibited marked depletion, while pgRNAs designed to delete proximal 

polyadenylation sites of unexpressed genes exhibited negligible enrichment or depletion, with 

96.0% or 96.7% of pgRNAs falling within two standard deviations of the median fold-change for 

our in vitro and in vivo experiments, respectively (Figure 4C-D; Supp. Figure 7A-C). In 

contrast, numerous pgRNAs targeting proximal polyadenylation sites of expressed genes 

exhibited significant enrichment or depletion, with deletion of some proximal polyadenylation 

sites associated with alterations in B16-F10 cell growth in vitro and in vivo of similar 

magnitudes to positive controls (Figure 4C-D). 

We next validated two particularly striking hits that emerged from our screen. pgRNAs 

targeting the proximal polyadenylation sites of Atg7 and Egln1 were strongly depleted and 

enriched, respectively, both in vitro and in vivo. We introduced individual pgRNAs targeting 

these polyadenylation sites into Cas9-expressing B16-F10 cells and systematically profiled 

polyadenylation site selection, protein levels, and effects on cell growth. All experiments were 

performed in comparison to Cas9-expressing B16-F10 cells transduced with a pgRNA targeting 

a poly(A) site in the unexpressed gene Crabp1, which was selected as a negative control because 

its normalized fold-change in the screen was close to the median of all control pgRNAs targeting 

poly(A) sites within unexpressed genes. These experiments confirmed that poly(A) site knock 

out (pKO) pgRNAs targeting Atg7 and Egln1 induced significant increases in use of the distal 

polyadenylation sites, as intended (Figure 4E & 4H). pKO pgRNA treatment significantly 

reduced ATG7 protein levels but was associated with only modest alterations in EGLN1 protein 

levels (Figure 4F & 4I). Introduction of pKO pgRNAs to force use of distal polyadenylation 

sites in Atg7 and Egln1 recapitulated the in vitro growth phenotypes observed in the screen 

format (Figure 4G & 4J). Overall, these data demonstrate that multiplexed pgRNA screening 
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effectively nominates specific APA events that influence melanoma cell growth both in vitro and 

in vivo. 

2.3.5 A long Atg7 3′ UTR suppresses murine melanoma growth in vitro and in vivo 

We selected Atg7 for additional studies due to its significant depletion both in vitro and in vivo. 

Cas9-expressing B16-F10 cells were treated with either a pKO pgRNA targeting Atg7 or a 

control pgRNA targeting a poly(A) site in an unexpressed gene, and then engrafted into 

C57BL/6 mice. Consistent with results from the multiplexed screen, Atg7 pKO tumors exhibited 

reduced growth in vivo, leading to significantly prolonged host survival using Kaplan-Meier 

survival analysis (p = 0.0053) (Figure 5A). 

We next sought to understand the molecular consequences of Atg7 APA. Autophagy 

related protein 7, ATG7, is considered a critical protein for autophagosome formation and 

function, and loss of ATG7 protein inhibits autophagy (Komatsu et al., 2005). We therefore 

investigated the consequences of Atg7 APA for autophagy. Complete Atg7 knock out and 

consequent loss of ATG7 protein caused a significant increase in p62 protein levels, as expected 

(Supp. Figure 8A). In contrast, treating cells with an Atg7 pKO pgRNA to force distal 

polyadenylation site usage did not cause detectable deficits in autophagy at baseline or following 

exposure to serum and amino acid starvation, measured by both p62 accumulation and a flow 

cytometry-based LC3-GFP-mCherry reporter (Supp. Figure 8A-E)(Leeman et al., 2018). These 

results are distinct from a previous study reporting that ATG7 3′ UTR lengthening was 

associated with autophagy inhibition in pro-B cells, a difference that may be attributable to cell 

type-specific effects or that study’s reliance on KD of all ATG7 isoforms for functional studies 

rather than specific manipulation of poly(A) site usage (Park et al., 2016). Although forcing 

distal polyadenylation site usage reduced ATG7 protein levels by ~60% (Figure 4F), we 

detected none of the autophagy impairment that was readily apparent upon Atg7 KO, 

highlighting the utility of directly manipulating poly(A) site usage for functional inference. 

We next performed immunohistochemistry (IHC) for the Ki67 proliferation marker on 

control and Atg7 pKO tumors. Although Atg7 pKO tumors grew more slowly (Figure 5A), they 

exhibited a significantly higher fraction of nuclei with moderate and strong Ki67 staining relative 

to control tumors (Figure 5B-C). The levels of Ki67 fluctuate significantly throughout the cell 



 

 

15 

cycle, with RNA and protein levels rising through S phase and peaking in G2/M phase (Sobecki 

et al., 2017). We therefore performed cell cycle analysis with propidium iodide staining and 

found that Atg7 pKO increased the fraction of B16-F10 cells in S phase and G2/M phase. These 

altered cell cycle kinetics are consistent with the increased Ki67 staining intensity observed by 

tumor IHC and concordant with a previous study demonstrating that ATG7 KD by siRNA in 

human bladder cancer cells increased the fraction of cells in S phase and G2/M phase (Figure 

5D-E)(Zhu et al., 2017). 

Atg7 undergoes APA in both mouse and human cells, raising the possibility that ATG7 3′ 

UTR length could influence human melanoma just as it does mouse melanoma. To understand if 

our results from B16-F10 cells are relevant to clinical melanoma, we performed Kaplan-Meier 

survival analysis after stratifying 424 cutaneous melanoma patients studied by The Cancer 

Genome Atlas by ATG7 3′ UTR length. We observed that patients whose tumors expressed a 

longer ATG7 3′ UTR exhibited significantly better progression-free survival, consistent with our 

finding that forcing Atg7 long 3′ UTR usage slowed mouse melanoma growth (Figure 5F). 

ATG7 3′ UTR length is modestly but significantly negatively correlated with ATG7 expression 

in clinical melanoma, mirroring our observations in mouse melanoma (Figure 5G). Although 

ATG7 is not subject to recurrent loss-of-function mutations in clinical melanoma, with no 

nonsense or frame-disrupting mutations observed in the 424 TCGA patients, ATG7 APA is 

highly variable across melanomas (Figure 5G-H). Given the association between ATG7 APA 

and survival that we observed in mouse and clinical human cancer, it is interesting to speculate 

that ATG7 APA could provide a post-transcriptional mechanism for cancers to regulate ATG7 

protein levels in the absence of ATG7 mutations. 

2.3.6 A long Atg7 3′ UTR is associated with reduced immune infiltration in mouse and 

human melanoma  

To gain further insights into potential means by which APA influences tumorigenesis, we 

performed RNA sequencing of control and Atg7 pKO B16-F10 cells and tumors (n = 3 replicates 

each in vitro and n=5 replicates each in vivo). Quantifying and comparing gene expression 

between Atg7 pKO cells and tumors revealed that Atg7 is the most significantly downregulated 

gene in both settings, consistent with the on-target APA modulation that we observed by RT-
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PCR (Supp. Figure 9A-C; Supp. Table 6). We performed a Gene Ontology enrichment analysis 

of differentially expressed genes to identify biological pathways whose regulation was 

significantly different in Atg7 pKO relative to control cells (Supp. Figure 9E). Although this 

analysis revealed no significantly enriched or depleted terms in Atg7 pKO cells cultured in vitro, 

Atg7 pKO tumors exhibited markedly reduced expression of genes associated with inflammation 

as well as both the innate and adaptive immune responses (Figure 6A-B; Supp. Figure 9E). 

This result was notable in the context of a recent study, which reported that Atg7 gene KO 

sensitized B16-F10 cells to CD8+ T cell-mediated cytotoxicity (Lawson et al., 2020). We 

therefore reasoned that modulation of ATG7 protein levels by ATG7 APA might similarly 

modify tumor-immune interactions, potentially by influencing antigen processing or 

presentation. 

To test this hypothesis, we measured H-2Kb expression following interferon-gamma 

stimulation, which revealed that Atg7 KO cells expressed higher levels of cell-surface H-2Kb 

than did control cells. In contrast, B16-F10 Atg7 pKO cells displayed reduced H-2Kb expression 

relative to control and Atg7 KO cells, demonstrating that Atg7 APA influences antigen 

presentation and highlighting that alterations caused by Atg7 APA are functionally distinct from 

those resulting from Atg7 KO (Supp. Figure 10A-E). We next tested whether the gene 

expression signature of reduced inflammation and immune responses observed in Atg7 pKO 

tumors arose from differences in immune cell infiltration. We quantified CD8+ T cell infiltrates 

by performing CD8A IHC of control and Atg7 pKO B16-F10 tumors, which revealed 

significantly reduced numbers of tumor-infiltrating CD8+ T cells in pKO relative to control 

tumors (Figure 6C).  

We then extended these analyses to clinical melanoma. We returned to The Cancer 

Genome Atlas cutaneous melanoma dataset and completed differential gene expression analysis 

of patients stratified into terciles based on tumor ATG7 3′ UTR length. We detected reduced 

expression of immune- and inflammation-related genes in tumor samples that expressed longer 

ATG7 3′ UTRs, consistent with the signals from mouse melanoma (Supp. Figure 9D & 9F; 

Supp. Table 7). Clinical samples expressing long ATG7 3′ UTRs preferentially exhibited 

modestly reduced CD8A expression and a strikingly decreased gene expression signature of 

cytolytic T cell activity (Supp. Figure 11A-C), defined as the geometric mean of GZMB and 
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PRF1 expression (Rooney et al., 2015). Overall, these data demonstrate that usage of the ATG7 

distal polyadenylation site is associated with concordant signatures of reduced anti-tumor 

immune activity in both mouse and human tumors. 

2.3.7 Low ATG7 expression is associated with reduced response to immune checkpoint 

blockade in clinical melanoma  

As ATG7 distal polyadenylation site usage is strongly associated with reduced CD8+ T cell 

infiltration in melanoma, we hypothesized that ATG7 APA might be relevant to clinical 

responses to T cell-dependent therapies such as immune checkpoint blockade. We therefore 

analyzed two independent clinical cohorts of melanoma patients treated with immune checkpoint 

blockade (ICB; anti-PD-1 monotherapy or anti-CTLA-4 + anti-PD-1 combination therapy) (Gide 

et al., 2019; Liu et al., 2019). As these cohorts utilized exome capture in order to extract RNA 

from FFPE samples for RNA-seq library preparation, the resulting RNA-seq library coverage 

was restricted to coding sequences and did not include UTRs. We therefore stratified patients 

based on ATG7 expression levels, which correlates with ATG7 3′ UTR length in mouse and 

human melanoma, with ATG7 3′ UTR lengthening associated with lower ATG7 expression 

(Figure 5G; Supp. Figure 9A-C). Samples with low ATG7 expression exhibited significantly 

reduced expression of a core set of CD8+ T cell relevant genes (GZMA, GZMB, IFNG, STAT1, 

CD274, CD8A, PRF1) and significantly lower cytolytic activity relative to samples with high 

ATG7 expression, as expected from our previous mouse and human analyses based on direct 

measurement of ATG7 3′ UTR length (Figure 6D-E and 6H; Supp. Figure 12A-F; Supp. 

Table 8)(Ayers et al., 2017; van Allen et al., 2015). In both ICB cohorts, patients with low 

ATG7 expression were significantly less likely to exhibit partial or complete responses to 

therapy as defined by objective Response Evaluation In Solid Tumors (RECIST) criteria 

(Eisenhauer et al., 2009) (Figure 6F & 6I). We further analyzed one cohort for which both pre-

treatment (PRE) and early-during therapy samples (EDT) were available to find that the 

quantitative increase in ATG7 expression following therapy initiation was significantly 

associated with better clinical outcomes (Supp. figure 12G-I). Low ATG7 expression was 

significantly associated with worse progression-free survival by Kaplan-Meier analysis in both 

cohorts (Figure 6G & 6J). Together, these data suggest that ATG7 APA-dependent alterations 
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in anti-tumor immune activity are relevant to clinical response to immune checkpoint blockade, a 

particularly important therapy for metastatic melanoma. 
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2.4 DISCUSSION 

Dysregulated alternative polyadenylation is a pervasive feature of most cancers, and thousands 

of cancer-associated APA events have been identified. However, very few of these APA events 

have been functionally studied or linked to cancer phenotypes. Here, we describe a high-

throughput, in vivo screening platform to interrogate the functional roles of individual APA 

events in cancer and identify APA isoforms which enhance or reduce tumor growth in an 

immunocompetent mouse model. Our study provides strong support for the hypothesis that 

pervasive APA dysregulation can play a causative, rather than simply a correlative, role in 

influencing cancer phenotypes such as rapid cell growth and immune evasion. 

We primarily focused on APA events whose modulation was associated with notable 

effects on tumor growth. However, it is interesting to note that most APA events queried in our 

screen were not associated with detectable alterations in tumor cell growth either in vitro or in 

vivo. Although we cannot rule out the possibility that such negative results arise from ineffective 

pgRNA targeting and APA modulation, this seems unlikely given the relatively high efficiency 

of APA modulation that we observed even in polyclonal settings for all APA events that we 

studied individually. These data therefore suggest that many APA events have modest or no 

effects on tumor growth kinetics in our system and therefore either alter other facets of 

tumorigenesis or are bystander events of low functional relevance. This dichotomy, where some 

APA events play critical functional roles and others do not, may help to resolve the ongoing 

controversy regarding the likely functional relevance of most APA (Gruber & Zavolan, 2019, 

2020; Xu & Zhang, 2018). In either case, our data highlight the utility of high-throughput screens 

for identifying functionally relevant events for detailed study. 

We utilized the CRISPR/Cas9 pgRNA system for endogenous APA modulation because 

it has been extensively tested and validated (Bae et al., 2020; Mitschka & Mayr, 2021; Pereira-

Castro et al., 2022; Q. Wang et al., 2018). Future studies of APA may take advantage of the 

diverse other genome editing technologies that are now amenable to high-throughput screens. 

For example, dead Cas9 (dCas9) targeted downstream of the poly(A) signal has been used to 

enhance proximal poly(A) site selection (Shin et al., 2022), providing a useful counterpart to the 

suppression of poly(A) site use via pgRNAs that we relied upon. A fusion of the RNA-targeting 



 

 

20 

dead Cas13b with adenosine deaminase 2 (ADAR2) can specifically modify adenosine residues 

in RNA (Cox et al., 2017) and as such could potentially be used to disrupt the A-rich canonical 

polyadenylation signal sequences AATAAA and ATTAAA, thereby allowing for functional 

manipulation of poly(A) sites at the level of RNA, rather than DNA. 

Although we focused on cancer in the current study, we speculate that high-throughput 

functional interrogation of APA will prove equally fruitful in other biological contexts. For 

example, embryonic development and tissue differentiation (Agarwal et al., 2021; Cheng et al., 

2020) display coordinated, temporal regulation of poly(A) site selection, while poly(A) site 

selection is globally dysregulated in many genetic diseases, including Oculopharyngeal Muscular 

Dystrophy and Duchenne Muscular Dystrophy (Batra et al., 2014; Raz et al., 2017). Targeted 

sequencing has cataloged thousands of context-specific APA alterations in these and other 

systems, the vast majority of which have never been functionally studied. High-throughput 

manipulation of endogenous poly(A) site selection offers an efficient way to bridge the gap 

between APA identification and functional understanding. 
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2.5 FIGURES 
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Figure 2.1. Global 3′ UTR length correlates with clinical outcomes across tumor types. 

(A) TCGA cancer subtypes analyzed and schematic of quantification of gene-level 3′ UTR 

lengths for all genes per sample. We followed standard practice (Xia et al., 2014) to compute the 

median 3′ UTR length per sample, normalized such that a value closer to 0 indicates, on average, 

globally shorter 3′ UTRs and a value closer to 1 indicates globally longer 3′ UTRs. Values are 

based on the percent of distal poly(A) site usage index computed by the DaPars algorithm (Xia et 

al., 2014). 

(B) Distribution of median 3′ UTR per sample for the 424 tumor samples in The Cancer Genome 

Atlas cutaneous melanoma cohort. Samples were binned into terciles corresponding to short 

(blue), medium (gray), and long (yellow) global 3′ UTR samples. The median of all samples is 

marked with a dashed black line.  

(C-E) Individual BAM coverage plots (read coverage reflective of TPM values) for three 

exemplar genes that exhibit significant differences in 3′ UTR length between samples with 

globally shorter (blue) and longer (yellow) UTRs as indicated in panel B for EGLN1, EIF3A and 

SRSF11 in cutaneous melanoma (SKCM). Poly(A) signal sequences (PAS) sites indicated as 

diamonds.  

(F-H) Violin plots of gene level 3′ UTR length for EGLN1, EIF3A and SRSF11 from panels C-E 

comparing short and long median 3′ UTR stratified cutaneous melanoma samples. A value closer 

to 0 indicates higher use of the proximal poly(A) site and a value closer to 1 indicates higher use 

of the distal poly(A) site (p values from two-sided Wilcoxon rank-sum test).  

(I) Kaplan-Meier analysis comparing overall survival of TCGA cutaneous melanoma samples 

binned as short or long median 3′ UTR samples (p values from a two-sided logrank test). 

(J) Volcano plot of the log2(hazard ratio) calculated from univariate cox regression models 

comparing overall survival of short versus long UTR stratified samples plotted against the -

log10(p value). Cancer subtypes with a p value < 0.05 are indicated in red. 
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Figure 2.2. Identification of differentially polyadenylated RNAs in a murine model of 

melanoma. 

(A) Description of two syngeneic model cell lines, B16-F10 cells (red) and Melan-A cells (gray) 

both derived from a C57BL/6 background melanocyte origin. 

(B) Differences in information provided by RNA-seq and Poly(A)-seq methods, and examples of 

BAM coverage plots reflective of the reads generated by each sequencing approach across the 

terminal exon including the 3′ UTR of an example gene.  

(C) BAM coverage plots of RNA-seq and Poly(A)-seq completed for Melan-A cells (gray) B16-

F10 cells (red) of the Sap30l terminal exon and 3′ UTR with the stop codon and the annotated 

poly(A) signal sequences (PAS).  

(D) BAM coverage plot of RNA-seq and Poly(A)-seq completed for Melan-A cells (gray) and 

B16-F10 cells (red) of the Higd1a terminal exon and 3′ UTR with the stop codon and the 

annotated poly(A) signal sequences (PAS). 

(E) Box plot demonstrating relative 3′ UTR length calculated as the log2( distal reads / proximal 

reads) per sample for the gene Higd1a and Sap30l. P values from two-sided Wilcoxon rank-sum 

test. 

(F) Volcano plot of all differentially polyadenylated transcripts between B16-F10 cells and 

Melan-A cells quantified using the APAlyzer pipeline. Data reflects six Poly(A)-seq runs per cell 

line, significantly altered events were determined using a two-sided Student’s t-test. Significantly 

shortened 3′ UTRs are indicated in blue and significantly lengthened 3′ UTRs are indicated in 

yellow.  

(G) Scatter plot of all genes identified as differentially polyadenylated from Poly(A)-seq data, 

comparing gene-level 3′ UTR length differences and gene expression differences between B16-

F10 and Melan-A cells. Blue indicates genes that are significantly shortened in B16-F10 cells 

and display a significant difference in expression levels, yellow indicates genes that are 

significantly lengthened and display a significant difference in expression levels, and gray 

indicates the gene shows no significant change in expression between the two cell lines.   
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Figure 2.3. A CRISPR-Cas9 paired-guide RNA strategy can force targeted distal poly(A) site 

usage. 

(A) Schematic of CRISPR-Cas9 paired-guide RNA (pgRNA) approach to excise proximal 

poly(A) sites and force use of distal poly(A) sites.  

(B) Diagram of Sap30l terminal exon with two distinct 3′ UTRs which vary depending on use of 

a proximal or distal poly(A) signal. Schematic of two distinct sets of proximal poly(A) KO 

(pKO) pgRNAs designed to delete the proximal poly(A) signal in Sap30l, annotated as Sap30l 

pKO1 and pKO2.  

(C) Genotyping PCR of polyclonal B16-F10 Cas9-expressing cells treated with a non-targeting 

control (NTC) or one of two distinct Sap30l pKO pgRNAs, with the calculated percent of signal 

showing DNA excision.  
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(D) Nested RT-PCR of the Sap30l 3′ UTR in polyclonal and monoclonal B16-F10 Cas9-

expressing cell lines treated with a non-targeting (NTC) pgRNA, Sap30l pKO1 or Sap30l pKO2. 

Proximal poly(A) signal presence is noted as proximal pKO, where WT = two wild type poly(A) 

signals, Het = single excision of poly(A) signal and Hom = double excision of poly(A) signal.  

(E) Box plots of the percent distal isoform (pdi) usage per cell line quantified from the nested 

RT-PCR of the Sap30l 3′ UTR for each monoclonal cell line grouped by genotype (WT, 

heterozygous or homozygous deletion of the proximal poly(A) signal). P value from a two-sided 

Wilcoxon rank-sum test. 

(F) Box plots of Sap30l mRNA abundance per cell line measured by q-RT-PCR for each 

monoclonal cell line grouped by genotype (WT, heterozygous or homozygous deletion of the 

proximal poly(A) signal). P value from a two-sided Wilcoxon rank-sum test. 

(G) Scatter plot and Pearson correlation of Sap30l percent distal isoform usage versus Sap30l 

mRNA abundance. 
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Figure 2.4. A high-throughput functional CRISPR-Cas9 screen reveals APA events that 

influence melanoma growth. 

(A) Schematic of CRISPR-Cas9 pgRNA library design (8-10 pgRNAs per target), cloning and 

paired in vitro and in vivo screen format and timing.  

(B) Mean log2 (fold-change) of all pgRNAs targeting a specific gene or proximal poly(A) site 

normalized to 150 pgRNAs targeting proximal poly(A) sites of unexpressed genes compared 

between paired in vitro and in vivo screens in B16-F10 Cas9-expressing cells. Significantly 

enriched (green) or depleted (purple) proximal poly(A) targets are outlined in black. Positive 

(light green) and negative (light purple) control genes are plotted without black outlines.  

(C) Performance of 150 pgRNAs targeting proximal poly(A) sites of unexpressed genes or 

pgRNA performance per indicated growth control or poly(A) site in vitro.  

(D) Performance of 150 pgRNAs targeting proximal poly(A) sites of unexpressed genes or 

pgRNA performance per indicated growth control or poly(A) site in vivo.  

(E) Nested RT-PCR of the Atg7 3′ UTR of B16-F10 Cas9-expressing cells treated with a pgRNA 

targeting a proximal poly(A) site in an unexpressed gene (control) or Atg7 proximal poly(A) site 

knock out (Atg7 pKO). Percent distal isoform (pdi) is quantified per sample.  

(F) Western blot of lysates from B16-F10 Cas9-expressing cells treated with a control pgRNA or 

Atg7 pKO pgRNA. Atg7 protein level normalized to alpha-tubulin control.  

(G) In vitro cell growth of B16-F10 Cas9-expressing cells treated with a control pgRNA or Atg7 

pKO pgRNA measured by CellTitre Glo, measurement is the average of three replicates +/- 

standard error of the mean. Significance denoted as *p < 0.05, **p < 0.01 or ***p < 0.001 using 

a two-sided Student’s t-test (exact p values 0.023, 0.00011, 9x10-8 , and 0.00096.).  

(H) Nested RT-PCR of the Egln1 3′ UTR of B16-F10 Cas9-expressing cells treated with a 

pgRNA targeting a proximal poly(A) site in an unexpressed gene (control) or Egln1 proximal 

poly(A) site knock out (Egln1 pKO). Percent distal isoform (pdi) is quantified per sample.  

(I) Western blot of lysates from B16-F10 Cas9-expressing cells treated with a control pgRNA or 

Egln1 pKO pgRNA. Egln1 protein level normalized to alpha-tubulin control.  

(J) In vitro cell growth of B16-F10 Cas9-expressing cells treated with a control pgRNA or Egln1 

pKO pgRNA measured by CellTiter-Glo. Measurement is the average of three replicates +/- 

standard error of the mean. Significance denoted as *p < 0.05, **p < 0.01 or ***p < 0.001 using 

a two-sided Student’s t-test (exact p values 0.0005, 0.0011, 0.0079, and 0.059). 
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Figure 2.5. Atg7 alternative poly(A) site selection alters melanoma cell growth in vitro and in 

vivo.  

(A) Survival data from a cohort of C57BL/6 mice injected with B16-F10 Cas9-expressing cells 

treated with a control pgRNA targeting the poly(A) site of an unexpressed gene (control) or an 

Atg7 pKO pgRNA (n = 6 mice, 12 tumors, per condition).  

(B) Representative immunohistochemistry images of tumor B16-F10 Cas9-expressing control or 

Atg7 pKO pgRNA tumor sections stained for Ki67. Those same representative images now with 

nuclei classified using HALO software to count each nucleus as either negative (blue), weak 

(yellow), moderate (orange) or strong (red) staining for Ki67 signal.  
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(C) Quantification of percent of nuclei quantified as negative, weak, moderate or strong staining 

for Ki67 signal (n = 4 images from 4 distinct tumors per genotype). For each image, the entire 

slide is processed, only excluding areas if they are easily discernible as non-tumor tissue. 

Significance calculated with a two-sided Student’s t-test.  

(D) Representative flow cytometry histograms of B16-F10 Cas9-expressing cells treated with a 

control or Atg7 pKO pgRNA cells stained with propidium iodide and then analyzed using Dean-

Jett-Fox classification for cell cycle stage from FlowJo v10.  

(E) Quantification of cell cycle stage from propidium iodide staining and flow cytometry (n = 4 

samples per genotype). Significance calculated with a two-sided Student’s t-test.  

(F) Kaplan-Meier survival analysis of TCGA cutaneous melanoma cohort (SKCM) patients 

binned into terciles based on ATG7 3′ UTR length, and then comparing the short (gray) and long 

(orange) ATG7 3′ UTR bins in terms of progression-free survival. P value from a two-sided 

logrank test.  

(G) Scatter plot comparing ATG7 3′ UTR length represented as the percent distal isoform use 

index, where a value of 0 indicates all transcripts use the proximal poly(A) site and a value of 1 

indicates all transcripts use the distal poly(A) site, and ATG7 gene expression (TPM) for each of 

424 TCGA cutaneous melanoma samples analyzed. R and p values are from a Pearson 

correlation.  

(H) Rank order plot of loss-of-function (LOF) mutations normalized per kilobase per patient 

detected in genomic DNA sequencing from the TCGA cutaneous melanoma cohort of 424 

patients analyzed. Vertical dashed line indicates the point at which all remaining ranked genes 

have no detected LOF mutations per kilobase per patient in the cutaneous melanoma cohort.  
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Figure 2.6. ATG7 expression influences the tumor-immune microenvironment and correlates 

with response to immune checkpoint blockade therapy in clinical melanoma. 
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(A) Heatmap of differentially expressed genes identified from RNA-seq between B16-F10 Cas9-

expressing control and Atg7 pKO pgRNA tumors (n = 5 samples per genotype). Each box is the 

log2(gene-expression) difference from the median across all 10 samples. 

(B) Gene Ontology (GO) analysis of differentially expressed genes between B16-F10 Cas9-

expressing control and Atg7 pKO pgRNA tumors. 

(C) Representative immunohistochemistry images of tumor B16-F10 Cas9-expressing control 

pgRNA or Atg7 pKO pgRNA tumor sections stained for CD8A. CD8A+ cells were classified 

using HALO software to count each cell as either negative or positive for signal. Box plots 

represent percent of CD8A+ cells from 9 immunohistochemistry images (each from a distinct 

tumor) per genotype, where the entire slide was quantified. P value from a one-sided Wilcoxon 

rank-sum test.  

(D) Heatmap for Wilmott 2019 cohort showing Z-scores for each of seven immune checkpoint 

blockade relevant genes across 47 samples. Each sample is labeled as receiving either 

monotherapy or combination therapy (noted in sample identification number with an m for 

monotherapy or a c for combination therapy), whether clinical response was deemed a responder 

(CR, PR) or non-responder (SD, PD), and the ATG7 expression bin (high or low representing the 

highest 33% or lowest 33% ATG7 expression, respectively). 

(E) Median T cell cytolytic activity (geometric mean of PRF1 and GZMB expression) for 

samples stratified into high or low ATG7 expression bins +/- 95% confidence intervals obtained 

from bootstrapping for the Wilmott 2019 cohort. P value from a two-sided Wilcoxon rank-sum 

test. 

(F) Stacked bar plot of clinical responses of patients with high or low ATG7 expression as 

defined by Response Evaluation Criteria in Solid Tumors (RECIST) criteria from the Wilmott 

2019 cohort. P values were calculated using a two-sided multinomial proportion test. 

(G) Kaplan-Meier survival analysis of the Wilmott 2019 cohort comparing progression-free 

survival of patients with high and low ATG7 expression, p value from a two-sided logrank test. 

(H) Median T cell cytolytic activity (geometric mean of PRF1 and GZMB expression) for 

samples stratified into high or low ATG7 expression bins +/- 95% confidence intervals obtained 

from bootstrapping for the Schadendorf 2019 cohort. P value from a two-sided Wilcoxon rank-

sum test.  
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(I) Stacked bar plot of clinical responses of patients with high or low ATG7 expression as 

defined by Response Evaluation Criteria in Solid Tumors (RECIST) criteria from the 

Schadendorf 2019 cohort. P values were calculated using a two-sided multinomial proportion 

test. 

(J) Kaplan-Meier survival analysis of the Schadendorf 2019 cohort comparing progression-free 

survival of patients with high and low ATG7 expression, p value from a two-sided logrank test. 
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2.6 SUPPLEMENTAL FIGURES 
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Figure 2.7. Supplemental Figure 1. Median 3′ UTR correlates with known global regulators of 3′ 

UTR length.  

(A-C) Distributions and binning of median 3′ UTR length for invasive breast carcinoma (A), 

head and neck squamous cell carcinoma (B), and kidney renal cell carcinoma (KIRC), calculated 

using the DaPars algorithm to quantify gene-level 3′ UTR lengths per sample (Xia et al., 2014).  

(D) Box plot comparing CSTF2 expression (TPM) per median 3′ UTR bin for four TCGA cancer 

subtypes, bladder urothelial carcinoma (BLCA), kidney renal papillary cell carcinoma (KIRP), 

lung squamous cells carcinoma (LUSC), and cutaneous melanoma (SKCM). P values calculated 

with a two-sided Wilcoxon rank-sum test.  

(E) Box plot comparing PABPN1 expression (TPM) per median 3′ UTR bin for four TCGA 

cancer subtypes, invasive breast carcinoma (BRCA), esophageal carcinoma (ESCA), brain lower 

grade glioma (LGG), and stomach adenocarcinoma (STAD). P values calculated with a two-

sided Wilcoxon rank-sum test.  

(F) Scatter plots of median 3′ UTR length versus CSTF2 expression (TPM) per sample for two 

TCGA cancer subtypes, kidney renal papillary cell carcinoma (KIRP) and cutaneous melanoma 

(SKCM). R values from Pearson correlation.  

(G) Scatter plots of median 3′ UTR length versus PABPN1 expression (TPM) per sample for two 

TCGA cancer subtypes, invasive breast carcinoma (BRCA) and stomach adenocarcinoma 

(STAD). R values from Pearson correlation.  

(H) Volcano plot of the Pearson correlation per TCGA cancer subtype plotted against the -

log10(p value) of that Pearson correlation coefficient for median 3′ UTR length versus CSTF2 

expression (TPM).  

(I) Volcano plot of the Pearson correlation per TCGA cancer subtype plotted against the -log10(p 

value) of that Pearson correlation coefficient for median 3′ UTR length versus PABPN1 

expression (TPM).  
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Figure 2.8. Supplemental Figure 2. Global median 3′ UTR length correlates with patient 

outcomes in several cancer subtypes.  
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(A) Kaplan-Meier analysis comparing overall survival of TCGA ovarian serous 

cystadenocarcinoma (OV) samples binned as short or long median 3′ UTR samples. P values 

from a two-sided logrank test. 

(B) Kaplan-Meier analysis comparing overall survival of TCGA head and neck squamous cell 

carcinoma (HNSC) samples binned as short or long median 3′ UTR samples. P values from a 

two-sided logrank test. 

(C-D) Forest plot of the log2(hazard ratio) per TCGA cancer subtype comparing progression-free 

survival (C) or overall survival (D) for long versus short median median 3′ UTR bin. Point sizes 

are scaled to -log10(p value) of the hazard ratio per subtype.  

(E) Scatter plot comparing median 3′ UTR length calculated using DaPars (Xia et al., 2014) or 

APAlyzer (Wang & Tian, 2020) computational pipelines, R from Pearson correlation. Points are 

colored by if they are stratified into the same bin (short, medium or long) by both computational 

algorithms, where green indicates they are classified similarly by both algorithms and black 

indicates they are not.  

(F) Kaplan-Meier analysis comparing overall survival of cutaneous melanoma samples with 

shorter versus longer median 3′ UTRs calculated using APAlyzer, P values from a two-sided 

logrank test. 
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Figure 2.9. Supplemental Figure 3. APA in human and mouse melanoma are correlated.  

(A) Gene level 3′ UTR lengths correlated between human clinical melanoma samples and B16-

F10 mouse melanoma cells both calculated using APAlyzer, each value reflects the log2 (distal 

reads / proximal reads) for that given gene ortholog in mouse and human. R and P value 

calculated from Pearson correlation. Dotted line indicates x = y and points colored in green are 

genes where the absolute difference between the mouse and human values are less than 1, 

indicating the 3′ UTR lengths are similar in mouse and human. 

(B) Distribution of Pearson coefficients obtained from 10,000 random pairings of gene level 3′ 

UTR lengths correlated between Human clinical melanoma samples and B16-F10 mouse 
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melanoma cells (data from panel A), dashed red line indicates the observed R from Pearson 

correlation of the actual data.  

(C) GO analysis of genes where the 3′ UTR lengths are highly correlated between human and 

mouse melanoma (indicated in green in panel A).   
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Figure 2.10. Supplemental Figure 4. CRISPR-Cas9 paired-guide RNAs can be used to delete 

polyadenylation signals. 

(A) Schematic of Sap30l proximal poly(A) sequence targeted pgRNAs, Sap30l pKO1 and pKO2. 

Next-generation sequencing results showing the major detected alleles from three polyclonal 

B16-F10 Cas9-expressing cells treated with either a non-targeting control (NTC), Sap30l pKO1 

or Sap30l pKO2 pgRNA as indicated and submitted for next-generation sequencing of the target 

locus. 

(B) Pie chart demonstrating the fraction of next-generation sequencing reads with an intact or 

disrupted polyadenylation signal sequence for each cell line treated with the indicated pgRNA.  

(C) Genotyping PCR of genomic DNA obtained from the indicated polyclonal or monoclonal or 

monoclonal cell line confirming single or dual KO of the proximal poly(A) signal sequence 

(lower band indicates excision) and genotypes indicated as wild-type (WT), heterozygous 

excision (Het) or homozygous excision (Hom).   
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Figure 2.11. Supplemental Figure 5. Rational design of a CRISPR-Cas9 paired-guide RNA 

library to target polyadenylation signals.  

(A) Diagram of computational steps taken to generate a CRISPR-Cas9 paired-guide RNA library 

to delete proximal polyadenylation signal sequences of interest.  

(B) Library divided into the fraction of total pgRNAs which were selected based on how the 

specific target was selected to be included, referred to as the target source (n = 1718 pgRNAs).  

(C) Distribution of on-target efficiency, using Rule Set 2 scores (Doench et al., 2016) per 

pgRNA for the pgRNAs targeting proximal poly(A) sites (pKO Library) compared to a 

previously published pgRNA library (Thomas et al. 2020) or the 150 pgRNAs targeting poly(A) 

sites in unexpressed genes (Controls), which were randomly sampled from all possible control 

pgRNAs to match the distribution of on and off-target scores of the pKO library.  

(D) Distribution of target specificity per pgRNA for the pgRNAs targeting proximal poly(A) 

sites (pKO Library) compared to a previously published pgRNA library (Thomas et al. 2020) or 

the pgRNAs targeting poly(A) sites in unexpressed controls. 

(E) Next-generation sequencing of the final plasmid pool of the cloned proximal poly(A) site KO 

library. The number of reads and the fraction of those reads correctly mapping to gRNA1, 

gRNA2 and then the correct pairing of those gRNAs together are shown. 

(F) Histogram of the number of reads with the correct gRNA mapping and pairing per each of 

the 1718 pgRNAs included in the final library. Dotted line indicates median number of reads 

across all pgRNAs.  
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Figure 2.12. Supplemental Figure 6. Visualization of proximal poly(A) knock out library.  

(A) Sap30l 3′ UTR DNA sequence with the annotated proximal poly(A) signal sequence, 

individual gRNAs identified within a 200 base-pair window centered on the poly(A) signal 

sequence, the 10 selected final pgRNAs designed to delete the proximal poly(A) site and the 

genetic conservation per base-pair across placental mammals.  

(B) Sap30l 3′ UTR DNA sequence in the UCSC Genome Browser window. The session contains 

several tracks including annotated poly(A) signal sites (PAS), all pgRNAs generated within the 

200 base-pair window per poly(A) site and the final selected 10 pgRNAs. There are also 4 tracks 

of Poly(A- seq mapped in a stranded fashion from Melan-A and B16-F10 cells (a + and - track 

for each cell line).   
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Figure 2.13. Supplemental Figure 7. Performance of CRISPR-Cas9 pgRNA screening 

platform. 
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(A) Violin plots of all raw counts per each pgRNA at each experimental time point (plasmid 

pool, day 0, in vitro day 20 or in vivo day 20) separated by the target type. P values from two-

sided Wilcoxon rank-sum tests.  

(B) Density plot of the in vitro fold-change of each pgRNA separated by target type, all 

normalized to the median of 150 pgRNAs targeting poly(A) sites in unexpressed genes. Dotted 

line at the normalized median of the control pgRNAs which was set to 1.  

(C) Density plot of the in vivo fold-change of each pgRNA separated by target type, all 

normalized to the median of 150 pgRNAs targeting poly(A) sites in unexpressed genes. Dotted 

line at the normalized median of the control pgRNAs which was set to 1.  

(D) Scatter plot of day 0 pgRNA reads versus in vitro day 20 pgRNA reads (summed counts 

across 8 replicates), R and P value from Pearson correlation.  

(E) Scatter plot of day 0 pgRNA reads versus in vivo day 20 pgRNA reads (summed counts 

across 8 replicates), R and P value from Pearson correlation.  
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Figure 2.14. Supplemental Figure 8. Melanoma cells with lengthened Atg7 3′ UTRs display no 

obvious autophagy deficits. 

 

(A) Immunoblot of protein collected from B16-F10 Cas9-expressing cells treated with either a 

control, Atg7 pKO or Atg7 gene KO pgRNA completed in triplicate. Western blot is stained for 

Atg7 and p62/Sqstm1, as well as alpha-tubulin as a loading control.  

(B) Quantification of p62/Sqstm1 protein levels per genotype, normalized to loading control and 

then normalized to the median of B16-F10 Cas9-expressing cells treated with a control pgRNA. 

P values from a two-sided Student’s t-test.  

(C) B16-F10 Cas9-expressing cells treated with control, Atg7 pKO or Atg7 gene KO pgRNAs 

were stably integrated with a LC3-mCherry-GFP autophagy reporter. mCherry and GFP signals 

were measured by flow cytometry following different durations of serum and amino acid 

starvation. Representative flow plots of live, single cells showing mCherry and GFP signal per 

genotype with 0 and 8 hours of amino acid and serum starvation.  

(D) Representative histograms of mCherry/GFP signal ratio per genotype with 0 and 8 hours of 

starvation, cells are gated for live, single cells.  

(E) Line plots of normalized mCherry/GFP signal in B16-F10 Cas9-expressing cells stably 

expressing the LC3-mCherry-GFP autophagy reporter treated with the indicated pgRNAs and 

increasing time under starvation conditions. Each point is the mean of 3 replicates +/- SEM, P 

value from two-sided Student’s t-test. 
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Figure 2.15. Supplemental Figure 9. A common set of genes are differentially expressed in 

mouse and human melanomas when the Atg7 3′ UTR is lengthened. 

(A) Log rank plot of differentially expressed genes detected by RNA-seq of B16-F10 Cas9-

expressing cells treated with control or Atg7 pKO pgRNAs (n = 3 replicates per genotype). 

(B) Log rank plot of differentially expressed genes detected by RNA-seq of B16-F10 Cas9-

expressing tumors treated with control or Atg7 pKO pgRNAs (n = 5 replicates per genotype). 

(C) Box plots showing expression (TPM) of individual genes that are dysregulated in B16-F10 

Cas9 tumors treated with Atg7 pKO pgRNAs, P values calculated using two-sided Wilcoxon 

rank-sum test. 

(D) Violin plots showing expression (TPM) of individual genes that are dysregulated in the 

TCGA cutaneous melanoma (SKCM) samples with short (bottom tercile) or long (top tercile) 

ATG7 3′ UTRs.  

(E) GO analysis of differentially expressed genes in B16-F10 tumors treated with Atg7 pKO 

pgRNAs, indicated terms are depleted in Atg7 pKO tumor samples relative to control tumors. Go 

terms are separated as terms related to a biological process (BP), cellular compartment (CC), or 

molecular function (MF) and point sizes are scaled to the -log10(p value). GO terms in red are 

related to the immune system.  

(F) GO analysis of differentially expressed genes detected in the TCGA cutaneous melanoma 

cohort comparing samples short versus long ATG7 3′ UTRs. Indicated terms are depleted in 

tumor samples with long ATG7 3′ UTRs. Go terms are separated as terms related to a biological 

process (BP), cellular compartment (CC), or molecular function (MF) and point sizes are scaled 

to the -log10(p value). GO terms in red are related to the immune system.  
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Figure 2.16. Supplemental Figure 10. Atg7 3′ UTR lengthening alters the cellular response to 

IFN-gamma. 

(A) Representative histograms of B16-F10 Cas9-expressing cells treated with control, Atg7 pKO 

or Atg7 gene KO pgRNAs treated with no or 1 ng/uL of Interferon-gamma (Ifn-gamma) for 24 

hours and subsequently stained for H-2kb/d, compared to an unstained control. Cells are gated for 

live, single cells.  

(B) Overlaid contour plots of B16-F10 Cas9-expressing cells treated with Atg7 pKO or Atg7 

gene KO pgRNAs treated with 1 ng/uL Ifn-gamma after 24 hours and subsequently stained for 

H-2kb/d. Cells are gated for live, single cells.  

(C) Bar plots of H-2kb/d per indicated cell line treated with increasing concentrations of 

Interferon-gamma for 24 (n = 4 replicates per genotype per condition). P values from a two-sided 

Student’s t-test.  

(D) Bar plots of the slope representing the increase in H-2kb/d signal per ng of Interferon-gamma, 

calculated from the data in panel C (n = 4 replicates per genotype condition). P values from a 

two-sided Student’s t-test. 

(E) Cumulative distribution function (CDF) plots of the summed raw flow data at each indicated 

interferon-gamma concentration (ng/uL).  
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Figure 2.17. Supplemental Figure 11. ATG7 3′ UTR lengthening correlates with reduced T cell 

cytolytic activity in clinical melanoma. 

(A) Correlation of ATG7 3′ UTR length and CD8A expression (TPM) per sample from the 

TCGA cutaneous melanoma (SKCM) cohort. R and P value from Pearson correlation.  

(B) Expression of GZMB and PRF1 (TPM) in TCGA cutaneous melanoma samples stratified 

into terciles by ATG7 3′ UTR length, comparing the bottom 33% (short) and the top 33% (long) 

samples. P values from two-sided Wilcoxon rank-sum test.  

(C) Median T cell cytolytic activity (geometric mean of PRF1 and GZMB expression) for 

samples stratified into short or long bins based on ATG7 3′ UTR length. Medians are shows +/- a 

95% confidence interval obtained from bootstrapping. P value from a two-sided Wilcoxon rank-

sum test.  
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Figure 2.18. Supplemental Figure 12. Low ATG7 expression correlates with reduced 

expression of genes predictive of stronger response to immune checkpoint blockade.       

(A) Scatter plot of ATG7 and CD8A expression (TPM) per sample from the Schadendorf 2019 

cohort. R and p value from Pearson correlation.  

(B) Scatter plot of ATG7 and CD8A expression (TPM) from the Wilmott 2019 cohort. R and p 

value from Pearson correlation. Samples are stratified by sample type as either pre-treatment 

(PRE) or early during therapy (EDT) samples.  

(C) Violin plots showing expression (TPM) of ATG7 and several genes of interest related to 

CD8+ T cell infiltration and cytotoxic activity in the Schadendorf 2019 cohort. Samples are 

stratified into low ATG7 expression (bottom 25% of samples) and high ATG7 expression (top 

25% of samples). P values from two-sided Wilcoxon rank-sum test.  

(D) CD8 T cell summary score, defined as the sum of the Z-scores for each gene listed in panel C 

excluding ATG7, per sample grouped by ATG7 expression bin. P values from two-sided 

Wilcoxon rank-sum test.  

(E) Violin plots showing expression (TPM) of ATG7 and several genes of interest related to 

CD8+ T cell infiltration and cytotoxic activity in the Wilmott 2019 cohort, excludes early during 

therapy samples. Samples are stratified into low ATG7 expression (bottom 33% of samples) and 

high ATG7 expression (top 33% of samples). P values from two-sided Wilcoxon rank-sum test.  

(F) CD8 T cell summary score, defined as the sum of the Z-scores for each gene listed in panel E 

excluding ATG7, per sample grouped by ATG7 expression bin. P values from two-sided 

Wilcoxon rank-sum test.  

(G) Box plots showing ATG7 expression (TPM) in the Wilmott 2019 cohort with both a 

pretreatment (PRE) versus early-during therapy (EDT) RNA-seq sample. P value from a two-

sided paired Wilcoxon rank-sum test.  

(H) Log2(fold-change) of ATG7 expression per matched EDT and PRE sample. The samples 

were then divided into either a low ATG7 induction group (bottom 50%) or a High ATG7 

induction (top 50%). Dotted line indicates the split in the data.  

(I) Stacked bar plots of clinical responses of patients with high or low ATG7 expression as 

defined by RESIST criteria for samples stratified by level of ATG7 induction as defined in panel 

H. P values were calculated using a two-sided multinomial proportion test. 
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2.7 MATERIAL AND METHODS 

2.7.1 Cell lines and culture  

B16-F10 cells were obtained from ATCC (CRL-6475) and cultured per the manufacturer’s 

instructions. The Melan-A cell line was obtained from the Wellcome Trust Functional Genomics 

Cell Bank and cultured per their instructions (Bennett et al., 1987). B16-F10 cells were infected 

at 0.3 MOI with Cas9 lentivirus (Addgene 52962-LV) and selected with 2 ug/mL Blasticidin for 

7 days. Polyclonal cells were then single cell sorted, and individual clones were assessed for on-

target editing efficiency, all subsequent CRISPR assays were completed with this B16-F10 Cas9 

clone with the highest editing rate.  

2.7.2 Poly(A)-Seq library preparation 

RNA was isolated from cell pellets with the Direct-zol RNA MiniPrep kit (Zymo Research). 

Protocol was adapted from Derti et al. 2012. In brief, 5 ug of RNA was heated at 65 degrees for 

2 minutes and then placed on ice. Poly(A) selected mRNA was isolated using DynaBeads 

(ThermoFischer 61006) per the manufacturer’s instructions. 1st strand cDNA synthesis using 

SuperScript IV Reverse Transcriptase (ThermoFischer 18090010) and the primer RKB4087 (a 

modified oligo d(TVN) primer) to generate cDNA reads which begin synthesis just before the 

poly(A) tail. This mixture was then purified using a 2x SPRI bead clean up and then followed by 

2nd strand synthesis and then a 1x SPRI bead clean up. This cDNA library was then subject to 

PCR (NEBNExt High Fidelity 2x Master Mix) and primers RKB4089 (universal primer) and 

RKB4090-RKB4101 (indexed primers). The final libraries generate a broad range of fragment 

sizes, as such we gel extracted libraries from a 2% agarose gel corresponding to 300-500 bp size. 

Following extraction and purification, library size was analyzed with a 4200 TapeStation System 

before sequencing.  

2.7.3 RNA-seq library preparation 

RNA was isolated from cell pellets with the Direct-zol RNA MiniPrep kit (Zymo Research). 

Poly(A)-selected, unstranded Illumina libraries were prepared following the TruSeq protocol per 

the manufacturer’s instructions. Library size and distribution was analyzed with a 4200 
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TapeStation System before sequencing on an Illumina HiSeq as 2x50 bp to obtain ~40 million 

reads per sample.  

2.7.4 RNA-seq and Poly(A)-seq data analysis 

RNA-seq was analyzed as previously described (Dvinge et al., 2014). RNA-seq reads were 

mapped to an annotated transcriptome created using Ensembl 71 (Flicek et al., 2013), UCSC 

knownGene (Meyer et al., 2013) and Misov2.0 (Katz et al., 2010) annotations using RSEM 

version 1.2.4(Li & Dewey, 2011) (modified to call Bowtie (Langmead et al., 2009) with option ‘-

v 2’). Unaligned reads were then mapped to the corresponding genome (hg19/GRCh37 

assembly, mm10/GRCmc38 assembly) and a database containing all possible pairings of 5’ and 

3′ splice sites per gene in our merged transcriptome annotation using TopHat version 20.8b 

(Trapnell et al., 2009). Mapped reads were then merged and input into MISO v2.0. For TCGA 

studies, we analyzed 9,045 available samples across 29 cancer types. 

For the immunotherapy cohorts analyses, we analyzed 72 pre-treatment samples as well 

as 18 early-during therapy samples (16 of which had matched samples at each of the time-points) 

which we refer to as the Wilmott 2019 cohort (Gide et al., 2019), and 144 samples all taken pre-

treatment which we refer to as the Schadendorf 2019 cohort (Liu et al., 2019).  

For Poly(A)-seq, data was mapped similarly but in a stranded fashion. BAM files were 

input into the APAlyzer package in R (R. Wang & Tian, 2020) and the gene level log2(distal 

reads / proximal reads) was computed per sample for each respective strand.  

2.7.5 Survival analyses 

Cancer type abbreviations are the same as TCGA standards (https://gdc.cancer.gov/resources-

tcga-users/tcga-code-tables/tcga-study-abbreviations). Survival analyses were completed with 

the Kaplan-Meier estimator and statistical test were performed with a logrank test (R package 

survival). Stratification per cancer subtype was completed for Figure 1b, Supp. Figure 1A-C and 

2A-F by computing the median 3′ UTR length per sample and dividing each cancer subtype into 

terciles (short, medium and long) and comparing the short (≤ 33%) vs long (≥66%) bins. Gene 
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level 3′ UTR measurements were downloaded from a previously published database (Feng et al., 

2018) or computed using the APAlyzer package in R (R. Wang & Tian, 2020).  

For Figure 5F, patients from the TCGA SKCM cohort were stratified based on the ATG7 

3 UTR length per sample, again into terciles and downstream analyses were performed 

identically as described above. For the two ICB cohorts, Wilmott 2019 (Gide et al., 2019) and 

Schadendorf 2019 (Liu et al., 2019), patients were stratified into terciles or quartiles, 

respectively, due to the larger size of the Schadendorf 2019 cohort. Once stratified, the low and 

high expression bins were subject to downstream analysis identically as described above.  

2.7.6 pgRNA library construction and cloning  

Target genes selected from the Poly(A) sequencing and TCGA SKCM analysis were largely 

selected based on manual inspection of BAM coverage plot quality. For each gene, the most 

utilized APA sites within the 3′ UTR were identified from PolyA-DB, filtered based off number 

of tissues where a particular APA site is utilized and the fraction of samples it has been detected 

in (R. Wang et al., 2018). Of those Poly(A) sites, the most proximal site was selected for 

targeting. The 100 base-pairs up and downstream of the given poly(A) site were selected as the 

genomic window wherein all possible gRNAs were generated using Guidescan Version 1.0 

(Perez et al., 2017). The downloaded gRNAs were then identified as up or downstream of the 

poly(A) signal (PAS), and then the guides were combined in a pairwise fashion to generate all 

possible pgRNAs which disrupt the poly(A) signal sequence. For each target we excluded 

gRNAs with more than two two-nucleotide off-target sites, more than thirty three-nucleotide off-

target sites or an on-target editing efficiency of less than thirty according to Rule Set 2 scoring 

(Doench et al., 2016). All input target sites were then filtered to only include targets with at least 

eight pgRNAs. For sites with more than ten possible pgRNAs, pgRNAs were ranked based first 

on targeting efficiency and then specificity to select the ten pgRNAs to be utilized in the library. 

This same process was used to generate all possible pgRNAs targeting highly utilized PAS sites 

of genes that are not expressed in B16-F10 or Melan-A cells. In this control library, 150 pgRNAs 

were selected randomly as controls to be included in the library, of note this random selection 

process was run several times until the distribution of control pgRNAs matched the true library 

in terms of efficiency and specificity. An additional 15 genes were included as growth controls 
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based on previous literature, either core essential genes identified from DepMap or genes which 

promote more rapid B16-F10 cell growth in vivo identified by mining data generated from 

previous genome wide gene knock out CRISPR screens in B16-F10 cells (Manguso et al., 2017).  

2.7.7 Animal use 

All animal work and procedures were completed in accordance with the Guidelines for the Care 

and Use of Laboratory Animals and approved by the Fred Hutchinson Cancer Center 

Institutional Animal Care and Use Committee. C57BL/6 mice were obtained from the Jackson 

Laboratory.  

2.7.8 gDNA PCR and on-target editing verification  

gDNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) per the manufacturer’s 

protocol. A window around the Sap30l proximal poly(A) site was selected to allow for simple 

detection of deletion by band separation on gel electrophoresis. PCR amplicons were then 

purified and submitted for AmpliconEZ sequencing (Azenta/Genewiz). Reads were trimmed, 

mapped and the fraction of reads with an intact or disrupted poly(A) signal sequence were 

identified using the CRISPresso2 software (Clement et al., 2019).  

2.7.9 pgRNA screen 

9x107 Cas9 expressing B16-F10cells were infected at an MOI of 0.2. Twenty-four hours post 

infection, cells were then selected with 1 ug/mL Puromycin for 48 hours. Remaining cells were 

then pooled and divided into eight replicates. 500,000 cells were isolated from each replicated 

and frozen as a time point 0. Of the remaining cells, 500,000 cells were then plated into 10 cm 

plates and another 500,000 cells were injected subcutaneously into C57BL/6 mice. Cells grown 

in culture were passed every 3-4 days, and tumors were monitored and then harvested when 

reaching 1.5 cm in any single dimension or after 20 days, whichever condition was met first. On 

the day a given tumor was harvested, digested and frozen, the corresponding cells growing in 

vitro were also frozen. gDNA was then extracted from all samples using previously published 

methods (Chen et al., 2015), and quantified via Nanodrop. 1.5 ug of each sample was then 

utilized as input for PCR to amplify out integrated pgRNA constructs as previously described 
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(Thomas et al., 2020). Final, purified libraries were then submitted for Next-Generation 

Sequencing using a custom approach performed as previously described.  

 

2.7.10 pgRNA sequencing and data analysis 

Analyses were performed identically as previously described (Thomas et al., 2020). In brief, 

each read includes independent reads for gRNA1 and gRNA2 as well as an index read. Each 

gRNA was separately mapped to a database of pgRNAs using BowTie, and correct pairings were 

identified by ensuring gRNA1 and gRNA2 come from the same pgRNA, incorrect pairings were 

discarded. We generated a per pgRNA pseudocount which was added to the raw counts and 

served to regularize the fold-change computations so that they are proportional to the relative 

representation of each individual pgRNA in the library.  

Fold-changes were then computed by comparing each time point to the counts at the day 

0 time point. These fold-changes were then normalized so that the median of all pgRNAs 

targeting poly(A) sites in unexpressed genes (150 pgRNAs in total) was equal to 1. For each 

poly(A) site target or gene KO control target a p value was computed by comparing the 

distribution of normalized log-fold changes per pgRNA (8-10 per target) to the distribution of all 

150 pgRNAs targeting poly(A) sites in unexpressed genes using a two-sided Wilcoxon rank-sum 

test. FDRs were computed by generating a distribution of fake target p values by randomly 

subsampling 10 pgRNAs from our control pgRNAs 10,000 times to estimate the distribution of 

expected p values. We then estimated FDR per real poly(A) site or gene KO target via the 

cumulative distribution function of the distribution of the fake target p values.  

Statistical analyses were performed in R with Bioconductor (Huber et al., 2015), and 

tables and plots were generated using dplyr (Wickham et al., 2018) and ggplot2 (Wickham, 

2009) packages. 

2.7.11 In vitro validation studies 

Cas9 expressing B16-F10 cells were grown in standard conditions and then transduced with 

lentivirus containing indicated pgRNAs and then selected in 1ug/mL Puromycin for 72 hours. 
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For cell growth assays, 100,000 cells were plated into each well of a 24 well plate and 20% of 

the well was passaged every 2 days into a new 24 well plate. 100 uL of the remaining cell 

suspension was used as input for a CellTiter-Glo (ProMega Catalog Number G9242) assay 

performed per the manufacturer’s instructions.  

2.7.12 In vivo validation studies 

Cas9 expressing B16-F10 cells were grown in standard conditions and then transduced with 

lentivirus containing indicated pgRNAs and then selected in 1ug/mL Puromycin for 72 hours. 

5x105 cells were then injected subcutaneously into each flank of adult male C57BL/6 mice, and 

tumors were measured every 3 days using calipers. Animals were euthanized when a tumor 

reached 1.5 cm in any dimension, at which time tumor material was isolated either for an 

archived flash frozen sample, fixed in 10% formalin at room temperature for histology studies or 

placed in TRIzol reagent (Thermo Fischer 15596018) for subsequent RNA isolation.  

2.7.13 Immunohistochemistry 

Tissues from tumors were processed, embedded and stained through the Fred Hutch 

Experimental Histopathology core. Mouse Ki-67 (CST Clone 12202 1:2000 dilution) and Cd8a 

(CST Clone D4W27 1:200 dilution) staining were performed using rabbit monoclonal 

antibodies. Staining was performed with a BOND RX autostainer (Leica Biosystems) and 

images were then acquired with an Aperio ImageScope at 40x magnification (Leica Biosystems). 

Image analysis was completed using HALO Image Analysis software. 

2.7.14 RT-PCR analyses 

RNA was isolated using the Direct-zol RNA MiniPrep (Zymo Research). SuperScript IV reverse 

Transcriptase was used to synthesize cDNA per the manufacturer’s instructions, but using a 

specific oligo d(TVN) primer to amplify the DNA directly upstream of the poly(A) tail (Thermo 

Fisher Scientific). Nested RT-PCR was performed with a universal poly(A) tail primer and two 

gene specific primers to amplify the 3′ UTR. The final product visualized using agarose gel 

electrophoresis and band intensity quantification was performed with FIJI/ImageJ and reported 
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as the percent distal isoform (pdi) defined as the percent of total signal arising from bands 

corresponding to distal poly(A) site use.  

2.7.15 Western blotting  

Total protein lysates were isolated in 1x RIPA buffer and quantified with the Pierce 660 nm 

Protein Assay Reagent. Total protein lysates were electrophoretically separated and then 

transferred onto a nitrocellulose membrane using the NuPAGE system (Thermo Fisher 

Scientific). Each membrane was blocked for 1 hour at room temperature and then probed with 

primary antibody diluted in a blocking buffer overnight at 4 degrees Celsius. Atg7 (AbCam 

Ab133528, 1:1000), Egln1 (Cell-Signaling Technology D31E11, 1:1000), p62/Sqstm1 (AbCam 

Ab109012, 1:1000), and Alpha-tubulin (Sigma-Aldrich Clone DM1, 1:2000) primary antibodies 

were used. Anti-mouse or anti-rabbit IRDye (LI-COR Biosciences) secondary antibodies and the 

Odyssey CLx Imager (LI-COR Biosciences) were utilized for detection and imaging.  

2.7.16 Fluorescent LC3 reporter assay 

The FUW mCherry-GFP-LC3 reporter plasmid was obtained from Addgene (Plasmid #110060) 

which was utilized to generate lentivirus in 293T cells. B16-F10 Cas9-expressing cells were then 

infected and selected using 1 ug/mL puromycin for 48 hours. Selected cells were then plated and 

treated with standard DMEM with 10% FBS or Hanks Balanced Salt Solution for the indicated 

time. Following the time course all cells were washed 3x with PBS and then resuspended in 100 

uL of PBS and stained with LIVE/DEAD Fixable Violet stain per the manufacturer's 

instructions.  

2.7.17 Flow cytometry  

Cells were stained with LIVE/DEAD Fixable Violet stain and passed through a 40 micron filter 

to generate a single cell suspension and then run on a BD FACSCelesta. Single cells were gated 
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for live cells and then the individual GFP and mCherry signal were measured in the FITC and 

CF594 channels, respectively. Data were analyzed in FlowJo v10. 

2.8 DATA AVAILABILITY 

Our proximal-Poly(A) KO (pKO) library has been deposited with addgene (Pooled Library 

#81543). RNA-seq data we generated for this study have been added to the Gene Expression 

Omnibus. RNA-seq data generated by TCGA were downloaded from the Genomic Data Commons 

(GDC) and Cancer Genomics Hub (CGHub). RNA-seq data generated by the two immunotherapy 

treated melanoma cohorts (Gide et al., 2019; Liu et al., 2019) were downloaded from the European 

Nucleotide Archive or dbGaP, respectively (accession numbers PRJEB23709 and 

phs000452.v3.p1). Gene-level 3′ UTR measurements for all TCGA samples were downloaded 

from http://tc3a.org. Source data for Figures 1-2, 4-6 and Supplementary Figures 1-3, 5, 7, 9, 11-

12 are included in Supplementary Tables 1-8. 
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Chapter 3. APC LOSS-OF-FUNCTION MUTATIONS PROMOTE 3′ 

UTR LENGTHENING IN COLON 

ADENOCARCINOMA 

This research is unpublished. RNA-seq mapping and processing was completed by James D. 

Thomas and Robert Bradley and RNA-seq was obtained from previously published data (Ringel 

et al., 2020). The remaining analyses described here represent my contribution to the work. 
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3.1 INTRODUCTION  

Alternative cleavage and polyadenylation (APA) is a process whereby a precursor mRNA can be 

differentially cleaved and polyadenylated to become a mature messenger RNA (Gruber & Zavolan, 

2019). An estimated 70% of human genes can be differentially polyadenylated and poly(A) site 

selection can vary by tissue type, throughout development, and is often dysregulated in disease 

states including cancer (Ji et al., 2009; Lianoglou et al., 2013; Xiang et al., 2018).  

Proteins regulating poly(A) site selection are misexpressed in cancer relative to healthy 

tissues, leading to widespread dysregulation of poly(A) site selection (Xia et al., 2014). Changes 

in poly(A) site use and thus 3′ untranslated region (UTR) length can alter mRNA abundance, 

localization, and translation kinetics (Elkon et al., 2013; Tian & Manley, 2016). Downstream 

functional consequences of APA of individual genes remain poorly characterized but a wealth of 

computational approaches now exist to rapidly assess patterns of poly(A) site selection (Goering 

et al., 2020; Xia et al., 2014).  

Here, we sought to identify unappreciated protein regulators of poly(A) site selection in 

human cancers that could serve as a novel source of therapeutic targets. To achieve this goal, we 

assessed thousands of correlations between gene expression and global trends in APA across 34 

large scale RNA-seq datasets. These datasets include the 29 TCGA solid tumor studies, as well as 

RNA-seq from the 1000 genomes project, a TCGA metastatic cancer cohort, a large cohort of 

acute myeloid leukemia (AML) samples and a large cohort of primary prostate cancer samples. 

This transcriptomic analysis revealed that loss-of-function mutations in the gene Adenomatous 

Polyposis Coli (APC), which are frequently observed in colorectal adenocarcinoma (Kinzler & 

Vogelstein, 1996), significantly disrupt poly(A) site selection globally. The severity of APA 

dysregulation in colorectal adenocarcinoma samples with APC loss-of-function mutations 

correlated with significant alterations in patient survival and expression of clinically actionable 

immune checkpoint genes.  
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3.2 RESULTS 

3.2.1 Canonical poly(A) regulators correlate with global polyadenylation site selection in all 

cancer subtypes except colorectal adenocarcinoma 

To identify potential regulators of APA in human cancer, we assessed the correlation between 

gene expression and a summary statistic of 3′ UTR across 34 large RNA-seq datasets. Previous 

studies have assessed the correlation between gene expression and measures of poly(A) site 

selection for individual 3′ UTRs, but they have been restricted to datasets that contain a sufficient 

number of matched tumor and adjacent normal control tissues to perform robust statistical 

analyses (Goering et al., 2020; Xia et al., 2014). To extend these analyses to any dataset 

regardless of the presence of health tissue controls, we took a novel approach where we 

quantified relative poly(A) site selection per gene and then took the median of all quantified 

UTRs to obtain the global median 3′ UTR per sample, where a larger value indicates a sample on 

average has longer 3′ UTRs. We then computed gene expression of all coding genes per sample 

and obtained the Pearson correlation coefficient per gene per dataset comparing gene expression 

and median 3′ UTRs (Figure 1A). We assessed correlations of several genes where expression is 

known to alter 3′ UTR length globally (CPSF6, CSTF2, CSTF2T, PABPN1, and SYMPK) and all 

observed correlations were highly significant and in the expected direction (Figure 1B-1D; 

Supp. Figure 1A-1B) (Gruber & Zavolan, 2019; Xia et al., 2014). However, colorectal 

adenocarcinoma was a major exception where median 3′ UTR length and gene expression of 

known poly(A) site selection regulators was poorly correlated (Supp. Figure 1B). We next 

compared all obtained Pearson correlation coefficients for each of the 34 datasets analyzed by 

completing pairwise correlations of each dataset (Figure 1E). The median pairwise correlation 

across datasets was 0.699, reflecting the fact that most datasets demonstrate similar patterns of 

gene expression and median 3′ UTR length, and by extension that global patterns of regulation of 

poly(A) site selection are likely similar across datasets. However, colorectal adenocarcinoma 

was an extreme outlier with a median pairwise correlation of -0.1496. Together, these data 

indicate that correlations of global regulators are surprisingly homogenous across datasets except 
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in colorectal adenocarcinoma, suggesting some common feature of colorectal adenocarcinomas 

uniquely dysregulates APA.  

3.2.2 APC loss-of-function mutations enhance distal poly(A) site selection in colorectal 

adenocarcinoma 

Motivated by the observation that patterns of poly(A) site selection are poorly correlated with 

known APA regulators in colorectal adenocarcinoma, I sought to further investigate genetic 

differences that could explain these trends. I first assessed common driver mutations in colorectal 

adenocarcinoma that have experimental evidence of RNA binding function. Several studies have 

independently demonstrated that Adenomatous Polyposis Coli (APC), the most frequently mutated 

gene in colorectal adenocarcinoma, is an RNA binding protein that preferentially binds RNA in 

the 3′ UTR (Preitner et al., 2014).   

We first identified colorectal adenocarcinoma samples that harbor at least one APC loss-

of-function mutation (nonsense or frameshift mutations) in The Cancer Genome Atlas cohort. 

While greater than 80% of patients harbor some kind of mutation in APC, we identified 326 

(65.3%) that harbored at least one APC loss-of-function mutation and 176 (34.6%) without an 

APC loss-of-function mutation. We then compared the median 3′ UTR length of samples with or 

without an APC loss-of-function mutation and found samples with an APC loss-of-function 

mutation on average have significantly longer 3′ UTRs (Figure 2A). Since poly(A) site selection 

and 3′ UTR length are inferred based on computational algorithms applied to RNA-seq data, we 

confirmed these trends were independent of the computational pipeline used by implementing a 

distinct tool, APAlyzer, and again confirmed the trends we found (Supp. Figure 2A-2B) (R. Wang 

& Tian, 2020; Xia et al., 2014). We then compared individual UTR length alterations and 

identified 1198 lengthened and 55 shortened individual 3′ UTRs in the APC loss-of-function 

samples (Figure 2B-2C; Supp. Figure 2C-2D).  

To assess molecular differences between lengthened and unchanged 3′ UTRs we completed 

de novo motif analysis comparing the sequences of the lengthened 3′ UTRs to the sequence of 

unchanged 3′ UTRs. We detected several significantly enriched C and G rich motifs in 3′ UTRs 

that are significantly lengthened (Figure 2D). These identified motifs are highly concordant with 

crosslink immunoprecipitation sequencing (CLIP-seq) data which experimentally determined the 

APC RNA binding motif as C and G rich motifs within 3′ UTRs (Preitner et al., 2014). Lengthened 



 

 

69 

UTRs also contained a significantly higher fraction of guanine nucleotides than unchanged 3′ 

UTRs (Figure 2E). Overall, these data demonstrate APC loss-of-function in colorectal 

adenocarcinoma is associated with increased use of distal poly(A) sites in 3′ UTRs.  

3.2.3 Targeted APC knockout in human colon organoids alter poly(A) site selection  

As RNA-seq obtained from cancer samples are often extremely heterogeneous in terms of cell 

populations, treatment history, and sample quality (Dvinge et al., 2014), we wanted to assess 

alterations in APA in a more controlled experimental setting. Thus, we analyzed data from 

human colon organoids cultured for 24 hours with targeted knockout of APC using 

CRISPR/Cas9 compared to a time zero control (Ringel et al., 2020). We computed differentially 

polyadenylated 3′ UTRs and identified 196 shortened and 207 lengthened 3′ UTRs 24 hours after 

APC knockout (Figure 3A). Unlike in the colorectal adenocarcinoma samples, we observed 

similar levels of shortening and lengthening events which could be due to differences in time 

scale between the two datasets. 

To assess if results from our analysis of colorectal adenocarcinoma were similar to 3′ 

UTR changes in an organoid model, we assayed guanine content of significantly altered 

shortening or lengthening events. We found that only the lengthening events showed 

significantly higher guanine content when compared to 3′ UTRs that were unchanged (Figure 

3B). We previously identified several G and C rich motifs that were significantly enriched in 3′ 

UTRs that were lengthened in APC loss-of-function colorectal adenocarcinoma samples (Figure 

2D). We screened all analyzed 3′ UTRs in our organoid data for presence of at least one of the 

top five enriched motifs (CSGGCCMC, GCCCCS, GGGGGAS, CGGSCC, CCCWGSCC) and 

found that lengthened 3′ UTRs, but not shortened 3′ UTRs, contained significantly more of these 

motifs (73.8%) compared to unchanged 3′ UTRs (61.4%) (Figure 3C). We identified 78 

lengthened and 19 shortened transcripts shared between the two datasets (Supp. Figure 3A-3B) 

and bam coverage plots of the RNA-seq data validated imputed lengthening events (Figure 3D). 
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These data demonstrate that APC loss-of-function perturbs poly(A) site selection and leads to 3′ 

UTR lengthening of a subset of 3′ UTRs enriched in G and C rich motifs.  

3.2.4 Degree of 3′ UTR lengthening is associated with patient survival in APC loss-of-

function colorectal adenocarcinoma  

We next sought to understand the clinic implications of APA in the context of APC loss-of-

function colorectal adenocarcinoma. We first validated a set of high confidence 3′ UTR 

lengthening events that were detected using more stringent statistical cutoffs and only included 

events detected by distinct computational algorithms, DaPars and APAlyzer (R. Wang & Tian, 

2020; Xia et al., 2014). This led us to a subset of 181 high confidence 3′ UTR lengthening events 

in colorectal adenocarcinoma harboring APC loss-of-function mutations. We then stratified 

patients with or without APC loss-of-function mutations into quartiles based on the degree of 3′ 

UTR lengthening observed. In patients with APC loss-of-function mutations, but patients 

without loss-of-function mutations, shorter 3′ UTRs were associated with significantly worse 

overall survival (Figure 4A-4B). To further characterize differences between short and long 

UTR samples we completed differential gene expression analysis and found that short UTR 

samples expressed significantly higher levels of immune checkpoint genes including CTLA4, 

CD70, PDL1, and TIGIT (Figure 4C-4D; Supp. Figure 4A-D). All these molecules serve to 

dampen immune response, specifically CD8+ T cell mediated cytotoxicity and are frequently 

employed by cancer cells to prevent immune mediated clearance of tumors (Conway et al., 2018; 

Flieswasser et al., 2022; He & Xu, 2020). Taken together, this data shows that 3′ UTR length 

correlates with patient outcomes and clinically actionable molecular signatures in APC loss-of-

function colorectal adenocarcinoma.  

3.3 DISCUSSION 

Alternative cleavage and polyadenylation is globally dysregulated in human cancers and known 

regulators of APA are frequently over or under expressed in different cancer subtypes 

(Kargapolova et al., 2017; Lee et al., 2021; Xia et al., 2014). However, most studies of poly(A) 

site selection have been limited to datasets with an appropriate number of healthy tissue control 

samples (Xia et al., 2014; Goering et al., 2020). Here, we describe a novel approach which 

circumvents this issue, and we demonstrate that expression of known protein regulators of poly(A) 
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site selection are strongly correlated with a global measure of 3′ UTR length in most datasets. We 

show that colorectal adenocarcinoma is a striking outlier where expression of genes that are 

responsible for poly(A) site selection are poorly or not at all correlated with 3′ UTR length. A 

unique feature of colorectal adenocarcinoma is the high prevalence of loss-of-function mutations 

in polyposis coli (APC) (Kinzler & Vogelstein, 1996). APC is well established as an RNA binding 

protein that binds RNAs predominantly in the 3′ UTR and transports them along microtubules for 

location specific translation along growing axons (Baumann et al., 2020; Preitner et al., 2014; T. 

Wang et al., 2017). The role of APC as an RNA binding protein is well studied in neurogenesis, 

but this function remains entirely unexplored in the context of colorectal adenocarcinoma.  

We focused on how APC defects alter poly(A) site selection globally and demonstrate that 

APC loss-of-function mutations lead to global 3′ UTR lengthening in colorectal adenocarcinoma. 

We validate these results in a human colon organoid model where APC knockout using 

CRIPSR/Cas9 globally perturbs poly(A) site selection (Ringel et al., 2020). In both colorectal 

adenocarcinoma with APC loss-of-function mutations and APC knockout colon organoids we find 

lengthened 3′ UTRs are significantly enriched in GC rich motifs as well as guanine nucleotide 

content. These motifs are very similar to G and C rich APC RNA binding motifs that have been 

experimentally determined in mice (Baumann et al., 2020; Preitner et al., 2014). We see that global 

3′ UTR lengthening correlates with patient outcomes in APC loss-of-function colorectal cancer, 

highlighting clinical relevance of the RNA binding function of APC.  

We analyzed previous existing RNA-seq datasets from colorectal adenocarcinoma cancer 

samples as well as human colon organoids given the systems have large samples and represent a 

clean genetic knockout, respectively. However, identifying poly(A) site selection from RNA-seq 

data requires computational inference. Future work is needed to generate unambiguous evidence 

of shifts in poly(A) site use over appropriate time scales. Given that development of colorectal 

adenocarcinoma is a process that typically takes years, conditional gene knockout of APC studied 

over the course of 24 hours may not reflect the most important 3′ UTR alterations that drive 

colorectal adenocarcinoma phenotypes. In addition, further work is needed to understand the 

specific APA events that play a functional role in cancer progression.   

 Although we focus on colorectal adenocarcinoma in this study, APC mutations are 

commonly found in other cancer subtypes and cancer syndromes that predispose to colon, 

endometrial and brain tumors among others (Tanley et al., 1995; Y. Zhang et al., 2022). APC 
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mutations have also been linked to complex neurological diseases including schizophrenia (Cui et 

al., 2005; Mohn et al., 2014). The combination of computational cataloging of differentially 

polyadenylated isoforms and high-throughput functional assessment of APA in relevant biological 

systems represents an important source of novel therapeutic targets for a number of human 

diseases.  
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Figure 3.1. Figure 1. Global regulators of poly(A) site selection are poorly correlated with 3′ 

UTR length in colorectal adenocarcinoma.  

(A) Workflow summary of first independently quantifying gene expression (transcripts per 

million, TPM) for all coding genes per RNA-seq sample across 34 datasets. For each sample, the 

3′ UTR length is calculated per gene using either DaPars (Xia et al., 2014) for all TCGA data or 

APAlyzer (R. Wang & Tian, 2020) for non-TCGA datasets (D. Robinson et al., 2015; D. R. 

Robinson et al., 2017; Tyner et al., 2018). For each sample, a summary statistic of 3′ UTR length 

was calculated by taking the median of all imputed 3′ UTR lengths, referred to as median 3′ 
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UTR. Then for each gene a Pearson correlation was completed comparing median 3′ UTR length 

and gene expression per gene, per dataset.  

(B) Proteins involved in poly(A) site selection and how they are purported to act globally when 

expressed highly. 

(C) Scatter plot and Pearson correlation of 3′ UTR length and PABPN1 expression (TPM) for 

three datasets (bladder adenocarcinoma = BLCA, Invasive breast carcinoma = BRCA, kidney 

renal cell carcinoma = KIRC). R and p value reflective of Pearson correlation.  

(D) Scatter plot and Pearson correlation of 3′ UTR length and CSTF2T expression (TPM) for 

three datasets (bladder adenocarcinoma = BLCA, Invasive breast carcinoma = BRCA, kidney 

renal cell carcinoma = KIRC). R and p value reflective of Pearson correlation.  

(E) Correlation matrix of all 34 datasets comparing calculated Pearson correlation coefficients for 

all genes versus median 3′ UTR. Pairwise dataset correlations calculated using Pearson correlation. 
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Figure 3.2. Figure 2. APC loss-of-function mutations are associated with enhanced distal 

poly(A) site use in colorectal adenocarcinoma.  

(A) Violin plots of median 3′ UTR per sample comparing samples with a detected APC loss-of-

function mutation (nonsense, frameshift insertion or frameshift deletion) in the TCGA colorectal 

adenocarcinoma dataset. P value from two-sided Wilcoxon rank-sum test.  

(B) Scatter plot of the median imputed 3′ UTR length for samples without APC loss-of-function 

mutations versus samples with a loss-of-function APC mutation. All 3′ UTR measurements per 

group were compared using a two-sided Wilcoxon rank-sum test. Comparisons which a 

Benjamin-Hochberg corrected p value < 0.05 were called as significantly altered. Points labeled 

in green indicate significant shortening in APC loss-of-function samples, points labeled in purple 

indicate significant lengthening in APC loss-of-functions samples, and points labeled in gray 

indicate no significant difference.  

(C) Bar plot of significantly altered lengthening (purple, n = 1198) or shortening events (green, n 

= 55) in APC loss-of-function samples compared to APC no loss-of-function samples from the 

TCGA colorectal adenocarcinoma cohort.  

(D) Sequence logo plot of de novo motif enrichment of 3′ UTRs exhibiting significant 

lengthening in APC loss-of-function colorectal adenocarcinoma samples compared to all other 

UTRs analyzed in panel B that exhibit no significant change in 3′ UTR length. Top 8 

significantly enriched motifs displayed.  

(E) Violin plots of the fraction of nucleotides within the longest annotated 3′ UTR that are 

guanine in UTRs that are either unchanged (gray) or lengthened (purple) in APC loss-of-function 

colorectal adenocarcinoma samples. P value from two-sided Wilcoxon rank-sum test.  
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Figure 3.3. Figure 3. APC knockout in colon organoids recapitulate global dysregulation of 

poly(A) site selection.  

(A) Scatter plot of the difference in gene level 3′ UTR lengths in human colon organoids with 

APC gene knockout using CRISPR/Cas9 comparing 0 versus 24 hour timepoints. 3′ UTRs that 

show significant shortening are indicated in green lengthening are indicated in purple.  
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(B) Violin plots of the fraction of nucleotides within the longest annotated 3′ UTR that are 

guanine in UTRs that are either unchanged (gray), shortened (green) or lengthened (purple) in 

APC knockout colon organoids. P values from two-sided Wilcoxon rank-sum test.  

(C) Fraction of 3′ UTRs identified in colon organoids as lengthened, shortened or no change 

(Panel A) that contain at least one of the five most significantly enriched motifs (CSGGCCMC, 

GCCCCS, GGGGGAS, CGGSCC, CCCWGSCC) identified from colorectal adenocarcinoma de 

novo motif enrichment analyses (Figure 2D). P values were calculated using a Chi-squared test 

compared to the 3′ UTRs in the no change group.  

(D) Bam coverage plots of RNA-seq data for individual 3′ UTRs (BCAP31, ESYT2, OSBPL9, 

RBM39) that display lengthening for WT human colon organoids (gray, n = 3) or APC knockout 

human colon organoids (yellow, n = 3).  
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Figure 3.4. Figure 4. Degree of 3′ UTR lengthening correlates with patient outcomes in 

APC loss-of-function colorectal adenocarcinoma.  

(A) Colorectal adenocarcinoma samples without APC loss-of-function mutations were stratified 

into quartiles based on median 3′ UTR length. Overall survival of patients with the shortest 

(<25th percentile) and the longest (>75th percentile) 3′ UTRs was compared using Kaplan-Meier 

survival analysis and cox proportional hazard ratios were calculated. P value was calculated 

using a logrank test.  

(B) Colorectal adenocarcinoma samples with APC loss-of-function mutations were stratified into 

quartiles based on median 3′ UTR length. Overall survival of patients with the shortest (<25th 

percentile) and the longest (>75th percentile) 3′ UTRs was compared using Kaplan-Meier 

survival analysis and cox proportional hazard ratios were calculated. P value was calculated 

using a logrank test.  
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(C) Violin plots of gene expression (TPM) of the immune checkpoint marker CTLA4 in short or 

long 3′ UTR stratified samples with or without APC loss-of-function mutations in colorectal 

adenocarcinoma. P value from two-sided Wilcoxon rank-sum test.  

(D) Violin plots of gene expression (TPM) of the immune checkpoint marker CD70 in short or 

long 3′ UTR stratified samples with or without APC loss-of-function mutations in colorectal 

adenocarcinoma. P value from two-sided Wilcoxon rank-sum test. 
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Figure 3.5. Supplemental Figure 1. Canonical poly(A) site selection regulators correlate 

with global 3′ UTR length in all cancer subtypes except colorectal adenocarcinoma.  
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(A) Density plots of all obtained Pearson correlation coefficients per dataset indicated (BLCA = 

bladder adenocarcinoma, BRCA = invasive breast carcinoma, COAD = colorectal 

adenocarcinoma, KIRC = kidney renal cell carcinoma, LGG = low grade glioma). Correlations 

were calculated by comparing median 3′ UTR per sample versus gene expression (TPM) per 

gene, per dataset.  

(B) Scatterplots of median 3′ UTR length per sample versus gene expression of the indicated 

gene (TPM). Plots shown for known poly(A) site regulators CPSF6, CSTF2, CSTF2T, PABPN1, 

and SYMPK. R and p values are calculated from Pearson correlation.  
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Figure 3.6. Supplemental Figure 2. APC loss-of-function mutations are associated with 

global 3′ UTR lengthening.  

(A) Scatter plot of median 3′ UTR value per colorectal adenocarcinoma sample calculated using 

the DaPars or APAlyzer algorithm. R and p values are calculated from Pearson correlation.  

(B) Violin plots of median 3′ UTR per sample (calculated using APAylzer pipeline) with a 

detected APC loss-of-function mutation (nonsense, out of frame insertion or deletion mutation) 

in the TCGA colorectal adenocarcinoma dataset. Dashed line indicates the median of all data. P 

value from two-sided Wilcoxon rank-sum test.  
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(C) Volcano plot comparing 3′ UTR length in APC loss-of-function samples versus samples 

without a detected APC loss-of-function mutation in the TCGA colorectal adenocarcinoma 

dataset. Individual UTRs are indicated as shortened (green), lengthened (purple) or no change 

(gray) based on a p value < 0.05 using a two-sided Wilcoxon rank-sum test. 

(D) Bar plot of significantly altered lengthening (purple, n = 1135) or shortening events (green, n 

= 263) in APC loss-of-function samples.  
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Figure 3.7. Supplemental Figure 3. Comparative poly(A) site selection in colorectal 

adenocarcinoma and colon organoids.  

(A) Scatter plot of relative changes in poly(A) site selection in APC KO versus WT organoids 

compared to poly(A) site selection in APC loss-of-function colorectal adenocarcinoma samples 

versus no loss-of-function samples. APA events that are significantly shortened (green) or 

lengthened (purple) have an adjusted p value < 0.05 in both datasets, with a change in UTR 

length in the same direction.  

(B) Barplot of the total number of significant events called as shortened (green) or lengthened 

(purple) in both datasets.  
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Figure 3.8. Supplemental Figure 4. Immune checkpoint gene expression correlates with 3′ 

UTR length In APC loss-of-function colorectal adenocarcinoma.  

(A) Scatter plot of median 3′ UTR length versus CTLA4 expression (TPM) per sample in colorectal 

adenocarcinoma samples without APC loss-of-function mutations. R and p value from Pearson correlation.  

(B) Scatter plot of median 3′ UTR length versus CTLA4 expression (TPM) per sample in colorectal 

adenocarcinoma samples with at least one APC loss-of-function mutation. R and p value from Pearson 

correlation.  

(C) Violin plots of gene expression (TPM) of the immune checkpoint marker TIGIT in short or 

long 3′ UTR stratified samples with or without APC loss-of-function mutations in colorectal 

adenocarcinoma. P value from two-sided Wilcoxon rank-sum test.  
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(D) Violin plots of gene expression (TPM) of the immune checkpoint marker CD274 (PDL1) in 

short or long 3′ UTR stratified samples with or without APC loss-of-function mutations in 

colorectal adenocarcinoma. P value from two-sided Wilcoxon rank-sum test. 

 

3.4 MATERIAL AND METHODS 

3.4.1 RNA-seq data analysis 

RNA-seq was analyzed as previously described (Dvinge et al., 2014). RNA-seq reads were 

mapped to an annotated transcriptome created using Ensembl 71 (Flicek et al., 2013), UCSC 

knownGene (Meyer et al., 2013) and Misov2.0 (Katz et al., 2010) annotations using RSEM 

version 1.2.4(Li & Dewey, 2011) (modified to call Bowtie (Langmead et al., 2009) with option ‘-

v 2’). Unaligned reads were then mapped to the corresponding genome (hg19/GRCh37 

assembly) and a database containing all possible pairings of 5’ and 3′ splice sites per gene in our 

merged transcriptome annotation using TopHat version 20.8b (Trapnell et al., 2009). Mapped 

reads were then merged and input into MISO v2.0. For TCGA studies, we analyzed available 

samples across 30 cancer types. Cancer type abbreviations are the same as TCGA standards 

(https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations). We also 

completed analysis for four additional datasets including RNA-seq from the Stand up to Cancer 

Prostate Cancer (Robinson et al., 2015), 1000 Genomes project (Lappalainen et al., 2013), Beat 

AML (Tyner et al., 2018) and a large cohort of metastatic cancer samples (Robinson et al., 

2017). For figure 3, previously published RNA-seq data was obtained from wildtype or APC 

knockout colon organoids (N = 3 per genotype) was mapped in the same fashion as described 

above (Ringel et al., 2020).  

3.4.2 Poly(A) site selection and 3′ UTR length measurements 

Gene level 3′ UTR measurements were downloaded from a previously published database (Feng 

et al., 2018) for all TCGA cohorts which utilizes the DaPars algorithm to quantify relative 3′ 

UTR length. For other datasets, we computed gene level 3′ UTR measurements using the 

APAlyzer package in R (R. Wang & Tian, 2020). For each sample, we took the median of all 

gene level 3′ UTR measurements to obtain the median 3′ UTR length which was used as the 
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sample summary statistic of 3′ UTR length (a higher value indicates, on average, the sample uses 

globally longer UTRs). 

 For differential poly(A) site analysis in the TCGA colorectal adenocarcinoma (Figure 

2B) we used a two-sided Wilcoxon-Rank sum test of the gene level 3′ UTR measurements 

comparing samples with or without an identified loss-of-function mutation in APC. We 

confirmed these results by running the data through a distinct computational algorithm, 

APAlyzer, and obtained highly concordant results (Supp. figure 2) (R. Wang & Tian, 2020).  

For differential poly(A) site analysis in the colon organoid data we utilized the APAlyzer 

pipeline to obtain gene level 3′ UTR measurements and then used a two-sided Student’s t-test to 

identify significantly altered APA events between wild-type and APC knockout organoids (R. 

Wang & Tian, 2020).  

  

3.4.3 Survival analyses 

Survival analyses were completed with the Kaplan-Meier estimator and statistical test were 

performed with a logrank test (R package survival). Stratification for APC loss-of-function 

samples or no loss-of-function samples was completed for Figure 5A and 5B by computing the 

median 3′ UTR length per sample and dividing each cancer subtype into quartiles (short, 

medium, long and longest) and comparing the short (≤ 25%) vs longest (≥75%) bins. Gene level 

3′ UTR measurements were computed using the APAlyzer package in R (R. Wang & Tian, 

2020).  

3.4.4 Motif discovery 

Significantly lengthened 3′ UTRs identified in TCGA colorectal adenocarcinoma samples with 

APC loss-of-function mutations (Figure 2B) using the APAlyzer pipeline (Wang & Tian, 2020) 

were selected as the target group for motif discovery, N = 166 of high confidence UTRs that 

have multiple annotated poly(A) sites. A group of background 3′ UTRs were selected based on 

showing no significant change in 3′ UTR length in that TCGA colorectal adenocarcinoma 

dataset, N =5805. The sequence of longest annotated 3′ UTR was obtained from RefSeq and then 

fasta files for the target and background 3′ UTRs were input into a de novo motif enrichment 

tool, MEME Suite version 5.5.0, using the default E-value cutoff of 0.5 (Bailey et al., 2009).  
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Chapter 4. DISCUSSION AND FUTURE DIRECTIONS 

These works together provide a computational and experimental framework for functional 

interrogation of alternative polyadenylation in biologically relevant contexts. We perform the 

first screen of poly(A) sites in any context and demonstrate that APA can drive cancer associated 

phenotypes including tumor growth. Specifically, 3′ UTR lengthening of ATG7 is associated 

with reduced tumor burden in mice, but also reduced CD8+ T cell infiltration. Our observations 

extend to human clinical melanoma where ATG7 3′ UTR length correlated with overall survival 

in a cohort of cutaneous melanoma and was significantly associated with gene expression 

signatures of cytotoxic CD8+ T cells. ATG7 expression is associated with clinical response to 

immune checkpoint blockade in two independent melanoma cohorts and, considering that ATG7 

is not subject to recurrent loss-of-function mutations, fine tuning of ATG7 expression via APA 

could be mechanism employed by cancers to evade immune mediated tumor clearance. Further 

work is needed to characterize how ATG7 3′ UTR lengthening specifically modulates immune 

response in melanoma and if ATG7 APA or targeted inhibition of protein function could be a 

useful therapeutic strategy. Given that ATG7 gene knock out sensitizes several cancer cell lines 

to CD8+ T cell killing (Lawson et al., 2020), ATG7 seems like a promising target for therapy 

development. Beyond ATG7, we identified several other UTR lengthening events that impact 

cancer cell growth that still require mechanistic follow up. Interestingly, most events screened 

seem to have little impact on cancer cell growth in vitro or in vivo. This suggests many APA 

events may have negligible functional effects in the context of melanoma cell growth; however, 

functional screening of APA events in distinct biological contexts is needed.  

More work is needed to improve the number of poly(A) sites targeted. Given that many 3′ 

UTRs are AT rich sequences, they often make poor targets for canonical CRISPR/Cas9 guide 

RNA design, but utilization of improved Cas variants with less guide RNA design requirements 

would boost the number of targetable poly(A) sites in the genome (Nidhi et al., 2021). Though 

our technology is applicable to distal poly(A) sites, we need to thoroughly test and confirm the 

efficacy of distal poly(A) site excision. Our library also neglects other more nuanced features of 

RNA processing including 3′ UTR splicing, intronic polyadenylation, and alternative last exons, 

all of which are more complicated RNA processing events that, in some cases, can alter coding 

sequences or target an RNA for degradation by nonsense mediated decay (Anczukow & Krainer, 



 

 

90 

2016; Chan et al., 2022; Dvinge et al., 2016). Incorporating more complex RNA processing 

events into high-throughput screening approaches will hopefully allow us to identify individual 

RNA isoforms that drive therapeutically actionable cancer phenotypes.  

 Our more global approach to correlations of 3′ UTR length and gene expression revealed 

that colorectal adenocarcinoma is a striking outlier, where unlike other datasets analyzed, 

expression of canonical regulators of poly(A) site selection are poorly correlated with global 

UTR length. We establish that loss-of-function mutations in adenomatous polyposis coli (APC), 

which are present in more than half of colorectal adenocarcinoma cancer samples (Aghabozorgi 

et al., 2019; Y. Zhang et al., 2022), are associated with significantly longer 3′ UTRs. APC loss-

of-function mutations are widely considered an initiating event for the formation of colon polyps 

that eventually lead to development of colorectal adenocarcinoma (L. Zhang & Shay, 2017), 

however 3′ UTR lengthening is classically associated with slowed cell cycle progression and cell 

growth rates (Sandberg et al., 2008). There are reports of biological contexts where 3′ UTR 

lengthening is dissociated from cell cycle dynamics (Cheng et al., 2020), but further work is 

needed to understand if cell cycle kinetics and poly(A) site selection are linked in APC mutant 

colorectal adenocarcinoma. We see that APC knock out globally affects 3′ UTR lengths enriched 

in G and C rich motifs, which is consistent with previous reports of APC RNA binding motifs 

identified from mouse neurogenesis studies (Baumann et al., 2020; Preitner et al., 2014; L. 

Zhang & Shay, 2017). Although we establish that the degree of 3′ UTR lengthening is associated 

with significantly altered clinical outcomes and expression of immune checkpoint genes, further 

work is required to elucidate 3′ UTR lengthening events that are functionally relevant in 

colorectal adenocarcinoma. The association of 3′ length and immune checkpoint expression is 

particularly relevant as colorectal adenocarcinoma responds poorly to immune checkpoint 

blockade (Almquist et al., 2020). We observe widespread 3′ UTR lengthening, more than 900 

APA events, many of which could be potential therapeutic targets to synergize with immune 

checkpoint blockade. 

 Finally, this work focuses on establishing a mechanistic link between APA and cancer 

phenotypes, but we also catalog a large number of cancer specific alternative polyadenylation 

events in clinical melanoma and colorectal adenocarcinomas. There are now databases of 

annotated poly(A) sites along with distinct types of computational and experimental evidence (R. 

Wang et al., 2018), enabling generation of highly multiplexed CRIPSR/Cas9 based approaches 
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to survey poly(A) site selection. Generation of tools comparable to publicly available 

CRISPR/Cas9 libraries targeting all coding genes for poly(A) sites will be critical to the 

proliferation of functional studies in a variety of experimental systems. Identification of specific 

APA events can also allow for targeted therapeutic interventions using antisense 

oligonucleotides to block poly(A) site selection (Elkon et al., 2013; Vickers et al., 2001). 

Pharmacological modulation of poly(A) site selection is also possible (Araki et al., 2018), 

although those drugs impact APA transcriptome wide, they could also potentially modulate 

critical APA events with therapeutic value. The work shown here indicates that poly(A) site 

selection is a mechanism employed by cancers and motivates future studies to develop novel 

anti-cancer treatments.  
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