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This work integrates three distinct yet interconnected projects, providing novel insights into 

genomic regulation, cancer biology, and immunotherapy. The first project reveals the critical 

role of a ‘poison exon’ in the gene Smndc1, demonstrating that poison exon deletion in mouse 

and Arabidopsis thaliana models disrupts mRNA processing and impacts organism phenotypes. 

This highlights the importance of conserved poison exons in molecular and organism fitness. The 

second project focuses on alternative polyadenylation in melanoma, demonstrating that 

manipulation of the alternative polyadenylation site of Atg7 alters mRNA stability and ATG7 

protein levels and ultimately impacts cell proliferation. This suggests alternative polyadenylation 

as a potential target in cancer therapy. The final project investigates Major Vault Protein (MVP) 

in the immune response to cancer, establishing its correlation with improved survival and 

enhanced response to immune checkpoint blockade in melanoma and renal cell carcinoma. These 

findings underscore MVP as a promising biomarker and therapeutic target in cancer, illustrating 

the interconnected nature of molecular mechanisms across diverse biological contexts. All three 



 

projects collectively underscore the intricate network of genomic mechanisms governing cellular 

processes, from mRNA processing to immune responses, highlighting the potential for targeted 

genetic and molecular interventions in advancing cancer therapy and improving patient 

outcomes.
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Chapter 1. INTRODUCTION  

Alternative mRNA splicing is critical for many biological processes (Wang et al., 2008, 

Baralle et al., 2017), both expanding proteome diversity and regulating mRNA abundance 

(Graveley 2001, Soergel et al., 2013).  The importance of alternative splicing is underscored by 

its conservation across eukaryotes (Nilsen & Graveley, 2010), as well as the many ways splicing 

and mRNA processing can be dysregulated in disease (Dvinge et al., 2016, Carvill & Mefford, 

2020, Gruber & Zavolan, 2019). I will begin this introduction by highlighting the significance of 

alternatively spliced exons called ‘poison exons,’ before discussing the importance of processing 

within the pre-mRNA 3' untranslated regions (UTR), especially in the context of cancer. 

Poison exons are alternatively spliced exons that disrupt their host transcript’s reading 

frame, thereby introducing a premature termination codon, and ultimately leading to degradation 

via Nonsense-Mediated mRNA Decay (NMD) (Kurosaki et al., 2019). Poison exons are an 

intriguing class of exons as they do not contribute to the protein-coding potential of mRNA 

transcripts, yet are highly conserved (Lareau et al., 2007, Ni et al., 2007). In fact, many poison 

exons overlap ultraconserved elements (UCE) within the genome, which are 200 nucleotide 

regions conserved between humans, mice, and rats (Bejerano et al., 2004). There are 481 UCE 

sequences in the genome, over 75% of which are non-coding elements including poison exons, 

ncRNA, repressors, and enhancers (Snetkova et al., 2021). UCEs are perfectly sequence 

conserved, they demonstrate reduced rates of sequence variants, and they are depleted within 

copy number variants in healthy tissue—all supporting the idea that purifying selection acts upon 

these regions (Snetkova et al., 2021). Here we encounter an interesting dilemma—why are non-

coding regions of the genome under such strong purifying selection and what does this tell us 



 

about their biological role or essentiality? In Chapter 2, I address this question of poison exon 

essentiality for life by focusing on a highly conserved poison exon in the gene Survival Motor 

Neuron Domain Containing Protein 1 (Smndc1). We also previously addressed the biological 

role of poison exons in cancer using a CRISPR/Cas9 screen to specifically deplete poison exons 

in lung adenocarcinoma cells (Thomas et al., 2019). We found many poison exons are essential 

for tumor growth, while others have a tumor-suppressive role. This highlights a dynamic process 

by which cancer cells may regulate the alternative splicing of highly conserved poison exons to 

modulate transcript abundance. 

In cancer, the modulation of mRNA transcript abundance is not only managed through 

poison exon splicing, but through many additional alternative mechanisms, including alternative 

polyadenylation (APA) of pre-mRNA 3' UTR (Lianoglou et al., 2013). APA impacts around 

70% of genes, with many poly(A) sites being common across mammalian species (Derti et al., 

2012). The selection of poly(A) sites is often influenced by upstream intronic splicing (Rigo and 

Martinson, 2008; Movassat et al., 2016), and involves a network of RNA-binding proteins and 

polyadenylation machinery (Tian and Manley, 2016; Mitschka and Mayr, 2021). APA's 

influence is context-dependent; for instance, during mouse myogenesis, there is a tendency for 

mouse genes to produce mRNAs with longer 3' UTRs (Ji et al., 2009). Cells that divide rapidly 

typically favor proximal poly(A) sites and therefore have shorter 3′UTRs (Sandberg et al., 2008). 

In the context of RNA processing, APA is notably dysregulated in all human cancers studied, yet 

the comprehensive investigation of APA's functional role in disease progression remains 

unexplored (Gruber & Zavolan, 2019). In Chapter 3, I will discuss a specific APA event in the 

critical autophagy gene Atg7. We apply CRISPR/Cas9-directed editing to force usage of a distal 



 

poly(A) site of Atg7 and demonstrate the resulting reduction in tumor cell proliferation and 

improved host survival. 

Understanding cancer as a largely genomic disease, which includes the dysregulation of 

processes like alternative polyadenylation (APA) and poison exon splicing, has laid the 

foundation for advances in immunotherapy. The effectiveness of immune checkpoint blockade 

(ICB), which activates the patient’s immune system to target cancer cells, can be predicted based 

on the genomic characteristics of an individual's cancer. For example, tumor mutational burden 

(TMB) is a predictive biomarker for ICB response, especially when also considering MHC and 

T-cell receptor repertoire to present and recognize subsequent neoantigens (Jardim et al., 2020). 

Other intuitive biomarkers for ICB therapy include PD-L1 expression on tumor cells (Patel & 

Kurzrock, 2015). While there are a growing number of FDA-approved inhibitors for multiple 

malignancies, and some patients maintain remarkable responses to ICB therapy, the overall 

response rates to ICB monotherapy leave critical room for improvement. Beyond targeting 

immune checkpoints on tumor-infiltrating T-cells to enhance anti-tumor immunity, other critical 

cell types govern suppressive or permissive tumor microenvironments (TME) and warrant 

additional study. Bridging the gap between the limitations of current therapies and the 

exploration of novel targets, in Chapter 4 I explore Major Vault Protein (MVP), which has been 

understudied in the context of the tumor microenvironment. MVP is the major structural protein 

in the vault particle, which has been implicated in cancer chemotherapeutic response, but is not 

well understood in the context of immunotherapy. MVP gene expression is positively correlated 

with improved patient survival in both melanoma and renal cell carcinoma. We demonstrate 

preliminary evidence that Mvp expression may be important for tumor-intrinsic signaling and 

tumor-suppressive function in mice. 



 

In this dissertation, I use genomic and transcriptomic data in a number of ways. The first 

is to analyze highly conserved regions of the genome and investigate paradoxically conserved 

non-coding exons. The second is to assess how alterations in RNA transcript processing impact 

tumorigenesis. The third is to assess gene expression changes that are associated with cancer 

outcomes and identify cell populations that may be important for improved immunotherapy 

response. 
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Chapter 2. AN AUTOREGULATORY POISON EXON IS 

CONSERVED ACROSS KINGDOMS AND INFLUENCES 

ORGANISM GROWTH 

A version of this chapter is currently under review at PloS Genetics as: 

An autoregulatory poison exon is conserved across kingdoms and influences organism 

growth. Andrea E. Belleville, James D. Thomas, Jackson Tonnies, Austin M. Gabel, Priti Singh, 

Christine Queitsch, Robert K. Bradley 

 

James D. Thomas assisted with mouse experiments, RNA-sequencing, and read mapping. Priti 

Singh performed CRISPR/Cas9 mouse model generation, with further model development assisted 

by Austin Gabel and James D. Thomas. Jackson Tonnies assisted and conducted plant 

experiments, with input from Christine Queitsch. James D. Thomas and Robert Bradley guided 

experimental design. Unless noted above, I designed and performed experiments, generated 

figures, and am the primary author of the work detailed in this Chapter. I received edits from 

Robert Bradley, James D. Thomas, and Austin Gabel, and I am grateful for the feedback of many 

collaborators and anonymous reviewers. 

 

2.1 SUMMARY 

Many of the most highly conserved elements in the human genome are ‘poison exons,’ 

alternatively spliced exons that contain premature termination codons and permit post-

transcriptional regulation of mRNA abundance through induction of nonsense-mediated mRNA 

decay (NMD). Poison exons are widely assumed to be highly conserved due to their importance 

for organismal fitness, but this functional importance has never been tested in the context of a 

whole organism. Here, we report that a poison exon in Smndc1 is conserved across mammals and 

plants and plays a molecular autoregulatory function in both kingdoms. We generated mouse and 

A. thaliana models lacking this poison exon to find its loss leads to deregulation of SMNDC1 



 

protein levels, pervasive alterations in mRNA processing, and organismal size restriction. 

Together, these models demonstrate the importance of poison exons for both molecular and 

organismal phenotypes that likely explain their extraordinary conservation.  

 

2.2 INTRODUCTION 

Alternative splicing (AS) is a post-transcriptional mechanism that regulates the function 

and expression of multi-exonic genes. While AS expands an organism’s proteomic diversity, it is 

estimated that up to one third of human genes produce non-coding mRNAs are immediately 

subject to degradation (Lewis et al., 2003). Specifically, inclusion of a class of cassette exons 

termed ‘poison exons’ introduces one or more premature termination codons (PTC) into the 

mature mRNA, subjecting the mRNA transcript to degradation via nonsense-mediated mRNA 

decay (NMD). Poison exon AS coupled to NMD serves as a means of post-transcriptional gene 

regulation, and it has been implicated as a critical mechanism in neurodevelopment, 

environmental adaptation, and disease (Carvill & Mefford, 2020; de Oliveira Freitas Machado et 

al., 2023; Neumann et al., 2020; Thomas et al., 2020; Zhang et al., 2016). 

Alternative splicing of poison exons is a conserved regulatory process across metazoan, 

yeast, and plants (Kurihara et al., 2009; Lareau & Brenner, 2015; Rayson et al., 2012). Many 

poison exons exhibit significant nucleotide sequence conservation, despite lacking protein 

coding potential, and conserved poison exons are enriched in RNA-binding proteins, such as 

serine-arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (Lareau et al., 

2007; Ni et al., 2007). Within these splicing factor families, it is proposed that poison exons may 

provide a context-specific auto- and cross-regulatory mechanism to regulate splicing factor 

abundance (Leclair et al., 2020). Therefore, poison exon conservation within splicing factors is 



 

believed to be due to their important role in maintaining splicing factor homeostasis and 

consequently global splicing. 

Outside of their role in regulating splicing factor abundance, little is known about the 

strong purifying selection driving poison exon sequence conservation. Our recent work 

demonstrated that endogenous deletion of poison exons influenced growth rates in cancer cell 

lines, an indication of their potential impact on cellular fitness (Thomas et al., 2020). Beyond 

this, no study has yet tested the essentiality of poison exons in an in vivo setting. This underlines 

the pressing need for further investigation into their functional relevance in organismal 

physiology. 

In this study, we undertook a detailed study of a poison exon that is present in both 

mammals and plants despite an evolutionary distance exceeding 1 billion years (Parfrey et al., 

2011). Specifically, we studied the poison exon within the murine gene Survival motor neuron 

domain containing 1 (Smndc1), which encodes a well-conserved spliceosome component 

SMNDC1. Smndc1 contains a Tudor domain by which it binds methylated arginines on other 

splicing proteins, playing an essential role in spliceosome assembly (Tripsianes et al., 2011, 

Meister et al., 2001; Rappsilber et al., 2001, Côté et al., 2005). Like many other genes encoding 

splicing factors, human SMNDC1 contains an NMD-targeted poison exon which is thought to 

regulate SMNDC1 transcript abundance (Saltzman et al., 2008). Recently, an ortholog to 

SMNDC1 was identified in plants called splicing factor 30 (SPF30), which undergoes extensive 

alternative splicing in many plant species (Zhang et al., 2019). Given the conservation of 

SMNDC1 and SPF30 across kingdoms, we hypothesized that this splicing factor gene might 

prove a compelling exemplar to investigate the potential essentiality of poison exons in 

physiological contexts.  



 

 

2.3 RESULTS 

2.3.1 Identification of SMNDC1 orthologs and unannotated poison exons 

We first sought to understand the extent of similarity between the structure and sequence 

of the human SMNDC1 and mouse Smndc1 genes. In both human and mouse orthologs, the 

poison exon is located between the second and third coding exons and introduces a frameshift 

when spliced into the mRNA transcript, introducing a PTC in the downstream coding exon (Fig. 

1A). At the nucleotide level, the poison exons retain greater sequence similarity between humans 

and mice (94.7% similar), than the upstream and downstream coding exons (86.7% and 90.9%, 

respectively; Supplementary Fig. 1A). We sought to identify other SMNDC1 orthologs using 

protein sequence conservation and reciprocal best hit analysis on a range of animal, fungal, and 

plant model species (Fig. 1B, Supplementary Table 1). Consistent with previously published 

reports (Mier & Pérez-Pulido, 2012), we did not find evidence of SMNDC1 orthologs in fungal 

species with reduced genomic intron counts, such as S. cerevisiae, suggesting the loss of those 

orthologs, but identified SMNDC1 orthologs in all other queried species (Fig. 1B). 

We next tested whether the SMNDC1 poison exon was conserved outside of the human 

and mouse genomes. We first searched for unproductive splice isoforms of each orthologous 

gene using publicly available expressed sequence tags (ESTs). We identified a poison exon-

containing isoform in G. gallus from EST data but were unable to conclusively determine 

whether similar unproductive splice isoforms were present in SMNDC1 orthologs in other 

genomes due to the relative paucity of EST data from those species (Fig. 1B). For A. thaliana, a 

recent study reported alternative splicing within SPF30 (Zhang et al., 2019), potentially resulting 

in inclusion of an in-frame PTC. To determine if the reported SPF30 alternative splicing 



 

reflected use of a previously unannotated poison exon, we searched publicly available RNA-seq 

data from cycloheximide (CHX)-treated A. thaliana (Drechsel et al., 2013). Indeed, we identified 

the accumulation of poison exon-containing mRNA transcripts when NMD was inhibited with 

CHX treatment (Supplementary Fig. 1B). Overall, we were able to conclusively identify 

SMNDC1 orthologs in most queried species and poison exon-containing isoforms in human, 

mouse, G. gallus, and A. thaliana. 

To further experimentally confirm that the putative poison exons in both mouse Smndc1 

and A. thaliana SPF30 are NMD-sensitizing, we treated a murine melanocyte cell line and A. 

thaliana seedlings with CHX. Subsequent RT-PCR demonstrated high levels of inclusion of the 

poison exon in both mouse cell lines and plant seedlings (Fig. 1C-D). These data indicate that an 

alternatively spliced exon that triggers NMD lies in the same intronic position of the human, 

mouse, and A. thaliana genes (Fig. 1A).  

 

2.3.2 A conserved regulatory role of the Smndc1 poison exon 

Poison exons are believed to play a role in controlling RNA splicing factor abundance by 

targeting mRNA transcripts for degradation. This was previously reported for human SMNDC1, 

where overexpression of SMNDC1 protein led to increased inclusion of the poison exon in vitro 

(Saltzman et al., 2008). We therefore hoped to test whether this role is conserved in mice and 

plant orthologs. We transiently overexpressed murine SMNDC1 protein in murine cells, and then 

treated with an NMD-inhibitor to allow for accumulation of poison exon-included mRNA 

transcripts. Using RT-PCR, we determined the corresponding degree of poison exon inclusion at 

different levels of SMNDC1 protein overexpression. Increased expression of SMNDC1 led to 

more than a tenfold increase in the poison exon-containing transcript in mouse cells (Fig. 1E, 



 

Supplementary Fig. 2A). 

Building on these findings, we aimed to determine whether the Smndc1 poison exon 

maintains a conserved regulatory role in the presence of orthologous SPF30 protein. We 

ectopically expressed A. thaliana SPF30 in murine cell culture and performed RT-PCR to 

amplify endogenous Smndc1 mRNA transcripts (Fig. 1F). Similar to the overexpression of 

murine SMNDC1, the overexpression of SPF30 led to increased poison exon inclusion in mouse 

cells. This result is consistent with a conserved autoregulatory cycle which increases inclusion of 

the Smndc1 poison exon in the context of high protein abundance. Across highly divergent 

species, this may be a conserved mechanism of regulating total SMNDC1 protein abundance. 

 

2.3.3 Generation of a mouse model lacking the Smndc1 poison exon 

Given the conservation of SMNDC1 orthologs and the poison exon, we next aimed to test 

the essentiality of the Smndc1 poison exon as a regulatory element in vivo by generating a 

genetically engineered mouse model. The murine Smndc1 locus is composed of seven NCBI 

RefSeq annotated exons— five constitutive exons and two alternative 5′ exons encoding 

untranslated regions of the mRNA (Fig. 2A). We selected flanking paired guide RNAs 

(pgRNAs) with optimal off-target scores to generate an allele with deletion of the Smndc1 poison 

exon and an allele with isolated deletion of the poison exon 3′ splice site (Supplementary Table 

2 and Fig. 2A). We previously demonstrated that pgRNA targeting of 3′ splice sites minimally 

impacts genomic DNA sequence while efficiently abrogating exon inclusion in vitro (Thomas et 

al., 2020). Lastly, to control for unanticipated effects of local editing, we generated an allele with 

a deletion in the upstream intronic region (Fig 2A).  

To perform CRISPR/Cas9 editing, we injected pgRNAs and Cas9 protein into the 



 

pronucleus of one-cell mouse embryos, which were then transferred to surrogate mothers. Viable 

pups were derived from all three targeting strategies, with successful generation of 27, 6, and 20 

founder pups from the whole exon deletion line, 3′ splice site deletion line, and intronic control 

line, respectively (Fig. 2B). Subsequent genotyping was carried out using PCR, Sanger 

sequencing, and next-generation amplicon sequencing, indicating many mutated founder mice 

(Fig. 2B-C). From each targeting strategy, individual founder mice were selected based on 

sequencing results, and the lines were subsequently backcrossed for multiple generations 

(Supplementary Fig. 3A). 

To test whether pgRNA-directed CRISPR/Cas9 editing generated alleles impacted the 

Smndc1 poison exon inclusion, we generated primary fibroblast lines from wild-type, 

heterozygous, and homozygous littermates of each of the three deletion lines. We treated 

fibroblasts with CHX to inhibit NMD, as the inclusion of the poison exon is artificially low in 

steady state cells. Using RT-PCR, we observed complete loss of the Smndc1 poison exon-

containing transcripts in mice lacking the entire poison exon. Similarly, a 19 nucleotide deletion 

disrupting the poison exon 3′ splice site was sufficient to completely exclude the poison exon in 

fibroblast mRNA. In contrast, poison exon inclusion was not impacted by upstream intronic 

deletion (Fig. 2D). This result suggests a limited deletion of necessary splicing sequences 

surrounding the Smndc1 poison exon is sufficient to prevent inclusion of the poison exon in our 

mouse model. As both the poison exon and 3′ splice site deletion alleles effectively prevented 

exon inclusion and are therefore functionally equivalent, we aggregated the results of both the 

poison exon deletion model as well as the 3′ splice site deletion model in subsequent analyses. 

 



 

2.3.4 Generation of an A. thaliana model lacking the SPF30 poison exon 

We next sought to model the corresponding loss of the SPF30 poison exon in A. thaliana. 

The SPF30 locus is composed of eight exons, with four annotated splice variants. To generate 

CRISPR/Cas9-edited A. thaliana lines, we used floral dip transformations to transfer nuclear-

localized Cas9 protein under egg cell-specific promotion and gRNA sequences under 

constitutive promotion. pgRNAs were selected for limited off-target scores and were designed to 

flank the poison exon 3′ splice site, as well as the upstream intron as a control for effects of local 

editing (Supplementary Table 2 and Fig. 2E). We confirmed deletion alleles present in T1 

plants through PCR and Sanger sequencing at the appropriate DNA locus, and selected a poison 

exon deletion allele that removed the 3′ splice site as well as 48 nt of the SPF30 poison exon 

(Supplementary Fig. 3B). To ensure the deletion at the SPF30 poison exon indeed prevented 

exon inclusion and did not introduce aberrant splice isoforms, we collected and pooled T2 

seedlings, treated with CHX to inhibit NMD, and performed RT-PCR. RT-PCR was performed 

using a mixed pool of both heterozygous and homozygous T2 seedlings, the inclusion of the 

poison exon was 6-fold lower in the SPF30 poison exon deleted pooled sample relative to the 

pooled intronic control sample (Fig. 2F). Seeds from additional heterozygous T1 plants were 

planted, resulting plants were genotyped, and homozygous plants were selected for further 

phenotyping. 

 

2.3.5 The Smndc1 poison exon regulates transcript and protein abundance in vivo 

Having established murine Smndc1 poison exon knockout model, we next sought to 

determine how loss of the poison exon impacted global Smndc1 mRNA and protein abundance at 

organism scale. We began by gathering tissues, including primary fibroblasts, for RNA-seq from 



 

poison exon null mice, heterozygous mice, and wild-type littermates. Consistent with RT-PCR 

data, poison exon null mice demonstrated little to no junction reads aligning to the Smndc1 

poison exon (Fig. 3A). Meanwhile, heterozygous mice demonstrated intermediate poison exon-

aligning reads, consistent with reduced allelic dose. Loss of the poison exon further correlated 

with increases (between 10.50–36.15%) in total Smndc1 mRNA transcript abundance across all 

tissues and cell lines assayed (Fig. 3A, Supplementary Fig. 4A, and Supplementary Table 3).  

To test whether an increased abundance of Smndc1 mRNA transcript corresponds with 

greater protein abundance, we performed Western blotting for SMNDC1. We found SMNDC1 

mean abundance was modestly but significantly higher (14.50% increase; p = 0.012) in poison 

exon null mice relative to wild-type mice, consistent with de-repression of Smndc1 mRNA 

transcript abundance (Fig. 3B-C and Supplementary Fig. 4B). Similarly, SMNDC1 

immunohistochemistry staining demonstrated increased nuclear protein abundance in poison 

exon null tissues across multiple tissues assayed (Fig. 3D). Using a HALO software image 

classifier, we quantified cells from each tissue with no, low, moderate, or high SMNDC1 nuclear 

staining signal. In tested brain, lung, and quadriceps tissue, we detected significant increases (p < 

2.2 x 10-16) in the proportions of cells staining for SMNDC1 in all three tissues (Fig. 3E). 

Together, these results demonstrate that loss of the Smndc1 poison exon impacts global mRNA 

and protein abundance in steady-state cells and tissues. Interestingly, the impact of poison exon 

loss was tissue dependent, with especially high dysregulation of SMNDC1 staining in the brain 

of poison exon null mice. 

Given the Smndc1 poison exon loss increased SMNDC1 protein abundance and because 

SMNDC1 is known to interact with many mRNA splicing and processing proteins (Casteels et 

al., 2022), we next sought to determine if global splicing was impacted by shifting SMNDC1 



 

abundance via poison exon loss. We focused on RNA-seq data from mouse cerebellar 

transcriptome, given the high levels of protein staining in brain samples and the dramatic 

increase in protein signal with the loss of the poison exon. Loss of the Smndc1 poison exon 

contributed to increased splicing of hundreds of intronic events compared to wild-type 

transcriptomes, such as increased intronic splicing of Npb (Fig. 3F-G and Supplementary Table 

4). Increased intronic splicing is consistent with increased abundance of SMNDC1 protein, given 

its importance in spliceosome assembly, and also consistent with our previous findings in the 

SMNDC1 poison exon null neoplastic cell lines (Thomas et al., 2020). In addition to intron 

splicing, loss of the Smndc1 poison exon impacted polyadenylation and 3′UTR processing of 

many transcripts within the cerebellum (Supplementary Table 4). Loss of the Smndc1 poison 

exon was associated with 11% of queried transcripts with tandem polyadenylation sites shifting 

usage toward the distal polyadenylation site, while a similar percentage of transcripts shifted 

usage toward a more proximal polyadenylation site, such as the 3′UTR of Galk1 (Fig. 3F, 3H). 

In addition to cerebellum, hundreds of differential splicing events were identified between wild-

type and poison exon null samples sourced from both liver and primary fibroblast cell lines 

(Supplementary Fig. 4C-D and Supplementary Table 5-6).  

 

2.3.6 Knockout of the Smndc1 poison exon and the SFP30 poison exon results in reduced 

growth in mouse and A. thaliana models 

We next investigated the developmental and morphological phenotypes associated with 

alteration of Smndc1 in our mouse models. Smndc1 is considered an essential gene in vitro 

(Meister et al., 2001), so to serve as a positive control we generated a Smndc1 gene knockout 

mouse model through pgRNA-directed CRISPR/Cas9 editing (Supplementary Fig. 5A). We 



 

targeted pgRNA disruption to coding exon 4, resulting in a founder mouse with a 5-bp 

frameshifting deletion allele which was subsequently backcrossed (Supplementary Fig. 5A-B). 

Resulting backcrossed, heterozygous mice expressed less SMNDC1, indicating that the deletion 

allele may have impeded the translation process of Smndc1 mRNA transcripts into functional 

proteins (Supplementary Fig. 5C). Furthermore, no homozygous Smndc1 knockout mice were 

born (n = 26), which is a statistically significant deviation from normal Mendelian inheritance (p 

= 0.011; Supplementary Fig. 5D). These data suggest Smndc1 gene knockout is not 

developmentally viable. 

We next aimed to determine if there was embryonic lethality associated with alteration of 

non-coding elements of Smndc1, specifically in the poison exon deletion model. To test this, we 

established heterozygous crosses and genotyped all offspring derived from these crosses at 

weaning (Fig. 4A). Genotyped offspring from both the poison exon deletion and control lines 

adhered to expected Mendelian ratios, suggesting that loss of the Smndc1 poison exon does not 

impair viability under heterozygous breeding conditions (Fig. 4B). We also found no significant 

difference in litter sizes or sex ratios of pups born to either the Smndc1 poison exon or control 

deletion lines (Supplementary Fig. 6A-B). This demonstrates that the reproductive success of 

poison exon heterozygous mice is comparable to that of the control counterparts. 

To assess gross morphology of the Smndc1 poison exon null mice generated from 

heterozygous crosses, we weighed mice at weaning and over time. At weaning (21 days old), the 

Smndc1 poison exon null mice were equivalently sized to wild-type and heterozygous littermates 

and do not demonstrate gross morphological differences (Fig. 4C). Poison exon null mice exhibit 

a trend towards statistically significant reduced birth rate and reduced size at weaning compared 

to littermates, but these trends do not reach significance (Fig. 4B-C). Aging poison exon null 



 

mice up to 20 months demonstrated no change in overall weight nor mortality rate when 

compared to wild-type and heterozygous littermates (Supplementary Fig. 6C-E). Additionally, 

we performed complete gross necropsy on male poison exon null, heterozygous, and wild-type 

littermates (2 replicates per genotype). The following tissues were evaluated by a board-certified 

staff pathologist: liver, spleen, kidney, heart, gonad, and brain. There was no genotype-

dependent change in weight or relative organ size (data not shown). Loss of the poison exon was 

associated with proliferative and necrotizing polyarteritis in one poison exon null mouse, though 

this could not be differentiated from idiopathic systemic inflammation (Supplementary Fig. 7A-

E). 

 A key component of organism fitness is the ability to reproduce and give rise to fit 

offspring. Therefore, we next evaluated the reproductive success of the Smndc1 poison exon null 

mice by establishing poison exon null breeder pairs (Fig. 4D). These breeder pairs were able to 

reproduce at normal frequency and with typical litter sizes (data not shown). We weighed 

offspring of poison exon null crosses every week from one week after birth to eight weeks of 

age. Compared to control offspring, the Smndc1 poison exon null mice were significantly smaller 

during postnatal development. We observed 7.58% (p = 0.037) and 9.21% (p = 0.006) weight 

reduction over postnatal weeks three and four, respectively, corresponding to the critical 

developmental time point of weaning (Fig. 4E). The postnatal weight reduction was resolved by 

five weeks of age. This phenotype was notable given the striking weight reduction, its high 

temporal specificity, and presence solely for homozygous, not heterozygous, crosses. 

We next tested whether the A. thaliana model exhibited gross morphological phenotypes or other 

signs of reduced fitness corresponding to the loss of the SPF30 poison exon. We chose to 

examine commonly measured life history traits of A. thaliana, including longest leaf length at the 



 

onset of flowering, internode length on the primary inflorescence, time to flowering in days, and 

total seed yield (Fig. 4F). Total seed yield and days to flowering were not impacted by loss of 

the poison exon (Fig. 4G-H). In contrast, A. thaliana homozygous for the SPF30 poison exon 

demonstrated a significant reduction in leaf length and internode length relative to intronic 

deletion plants and Col-0 plants (Fig. 4I-J). We conclude that loss of the SPF30 poison exon in 

A. thaliana results in growth restriction without impact to reproductive phenotypes. 

 

  



 

2.4 DISCUSSION 

Regulatory mechanisms like unproductive splicing play a critical role in controlling the 

abundance of RNA-binding proteins. Yet, most highly conserved splice isoforms in RNA-

binding proteins have not been functionally examined. To specifically modulate isoform splicing 

in vivo, we applied CRISPR/Cas9 pgRNA targeting to generate specific and minimally 

disruptive gDNA edits. Using this approach, this study is the first to directly knockout poison 

exons in multiple model organisms. This technique offers potential for exploring the functional 

significance of other poison exons in RNA-binding proteins. 

Many splicing factors contain poison exons that are either highly conserved or overlap 

with ultraconserved DNA elements (UCEs). Of the 481 UCEs present in the human genome, the 

majority are found within non-coding genomic regions, such as poison exons or enhancers 

(Bejerano et al., 2004, Snetkova et al., 2022). Numerous deletion studies have targeted 

ultraconserved enhancers in vivo, but only a small number have reported developmental or 

tissue-specific phenotypes associated with homozygous or hemizygous mice (Ahituv et al., 2007, 

Dickel et al., 2018, Nolte et al., 2014). Among these deletion models, there are no obvious 

changes to overall viability or reproduction. It is possible that outside of a controlled, sterile 

laboratory setting, or across multiple generations, the phenotypic consequence of poison exon 

loss or mutation would be greater, as the current study does not recapitulate native environmental 

selective pressures. We suggest that negative selection against detrimental phenotypes may play 

a role in Smndc1 and SPF30 poison exon conservation.  

Our study provides clear evidence that highly conserved poison exons are important for 

organismal fitness. Although this provides clues to the extraordinary conservation that 

characterizes many poison exons, many questions remain. First, what are the mechanistic origins 



 

of size restriction in Smndc1 poison exon-null organisms? One may postulate that Smndc1-

associated missplicing of metabolically relevant genes, such as Npb and Galk1, could direct 

further mechanistic studies of factors responsible for the siz-restricted phenotype characterizing 

our models. Secondly, among highly conserved poison exons, what fraction are important for 

organism fitness? Does the autoregulatory role of poison exons explain their sequence 

conservation across genomes? Much work remains to fully understand the roles and evolutionary 

dynamics of poison exons. 

  



 

2.5 FIGURES 

 
Figure 2.1. A poison exon in Smndc1 is functionally conserved between mammals and 

plants. 

A, Schematic demonstrating SMNDC1 and Smndc1 exon structure in humans and mice, 
respectively, and SPF30 exon structure in A. thaliana. Black boxes indicate coding exons, and 
the alternatively spliced poison exon is highlighted in red in each gene structure. Termination 
codons indicated by red octagons.  
B, Unscaled phylogenetic tree of Smndc1 and SPF30 indicating species with the presence or 
absence of identified ortholog (left circles) and unproductive spliced RNA isoform (right 
circles).  
C, RT-PCR analysis of Smndc1 poison exon (PE) inclusion in mouse Melan-A cells following 
nonsense-mediated mRNA decay (NMD) inhibition with cycloheximide (CHX) for increasing 
amounts of time (hours). Inclusion of the poison exon-containing transcript is calculated as a 
percentage of total transcript abundance.  
D, as in C) but treatment of A. thaliana Col-0 seedlings and analysis of the SPF30 poison exon 
inclusion following CHX treatment.  
E, RT-PCR analysis of Smndc1 PE inclusion in mouse cells with increasing overexpression of 
mouse SMNDC1. PCR was performed with primers within the 5′UTR and third coding exon to 
capture endogenous transcript.  



 

F, RT-PCR analysis of Smndc1 PE inclusion in mouse cells with increasing overexpression of A. 
thaliana SPF30. PCR was performed with primers within the second and third coding exons of 
Smndc1. 
  



 

 
Figure 2.2. Generation of parallel poison exon null models in mouse and A. thaliana 

A, Paired guide RNAs (pgRNA, arrows) designed to disrupt the Smndc1 poison exon (red box). 
pgRNA-directed editing produced three mouse lines with deletion of the poison exon (#1), the 
poison exon 3′ splice site (#2), or upstream intronic region (#3).  
B, Quantification of efficient genomic DNA (gDNA) targeting of founder mice (F0 progeny) 
from the three pgRNA targeting strategies designated in (A). PCR amplicon sequencing was 
used to determine gDNA targeting.  
C, Genotyping gels demonstrating DNA edits in a selection o 
f founder mice from the three targeting strategies designated in (A). Wild-type (WT) band 
labeled.  
D, RT-PCR analysis of poison exon (PE) inclusion from primary mouse fibroblast lines 
generated from backcrossed littermates. Littermates were either wild-type (WT/WT), 
heterozygous (WT/Δ), or homozygous (Δ/Δ) for the respective edited alleles for each of the 
targeting strategies designated in (A). Fibroblasts were treated with cycloheximide (CHX) to 
inhibit NMD. Inclusion values represent inclusion of the poison exon transcript as a percentage 
of total transcript quantity.  
E, pgRNAs designed to disrupt the A. thaliana SPF30 poison exon (green box). pgRNA-directed 
editing produced two A. thaliana lines with deletion of the poison exon (#1), or upstream 
intronic region (#2).  
F, RT-PCR analysis of PE inclusion from heterogeneous pooled populations of A. thaliana 
seedlings from both lines designated in C. Seedlings were treated with CHX to inhibit NMD. 
Inclusion values represent inclusion of the poison exon transcript as a percentage of total 
transcript quantity.  



 

 

 
Figure 2.3. Loss of the Smndc1 poison exon alters global transcript and protein abundance, 

while steady state RNA splicing is modestly affected. 

 
A, (Top) Quantification of RNA-sequencing (RNA-seq) reads supporting Smndc1 poison exon 
inclusion. (Bottom) Total Smndc1 mRNA transcript abundance (TPM). RNA was collected from 
mice which were wild-type (WT/WT), heterozygous (WT/Δ), or homozygous (Δ/ Δ) for the 
Smndc1 poison exon. P-values computed using two-sided Wilcoxon rank-sum test. N = 6 
biological replicates per genotype.  



 

B, Representative Western blot of SMNDC1 signal from wild-type (WT/WT) and poison exon 
null (Δ/Δ) mouse liver lysate. N = 2 biological replicates per genotype.  
C, Quantification of SMNDC1 signal from Western blots generated with wild-type (WT/WT) 
and poison exon null (Δ/Δ) mouse liver lysate. Signal normalized to alpha-tubulin. P-value 
computed using two-sided Wilcoxon rank-sum test. N = 10 animals per genotype.  
D, (Top) Representative immunohistochemistry images of quadriceps and brain cortex collected 
from wild-type and Smndc1 poison exon null littermates, stained with diaminobenzidine (DAB) 
for SMNDC1. (Bottom) The same representative images with SMNDC1 nuclear staining 
classified using HALO software as negative (blue), weak (yellow), moderate (orange), or strong 
(red). Scale bar: 100 μm.  
E, Stacked barchart of SMNDC1 staining intensities from tissues using quantification method in 
(D). P-values computed using multinomial proportion test. N = 3 mice (poison exon Δ/Δ) and n = 
2 mice (WT/WT). 
F, Scatterplots of constitutive intron splicing and tandem 3′ UTR reads from cerebellum RNA-
seq. Comparison between wild-type and Smndc1 poison exon null mice. Red and blue points 
represent significantly increased and decreased spliced isoforms in the poison exon null samples, 
respectively. N = 2 biological replicates per genotype.  
G, Representative RNA-seq coverage plot of intronic splicing of Npb from cerebellum samples. 
n = 2 biological replicates per genotype.  
H, as in (G) demonstrating a tandem 3′ UTR event in Galk1. 
  



 

 
Figure 2.4. Reduced size characterizes the Smndc1 and SPF30 poison exon null genetically 

engineered organisms.  



 

A, Schematic of heterozygous mouse crosses that generated the data in panels (B) and (C). 
Possible pup genotypes are wild-type (WT/WT), heterozygous (WT/Δ), or homozygous (Δ/Δ) 
for Smndc1 poison exon.  
B, Genotype percentages of pups born to heterozygous crosses of intronic deletion and Smndc1 
poison exon deletion lines. P-values generated through Chi-squared testing.  
C, Quantification of pup weight at weaning from heterozygous crosses of either the intronic 
control line (n = 93 mice) or Smndc1 poison exon deletion lines (n = 172 mice) . Weight 
normalized to the median weight of all wild-type pups in each respective litter. Statistical 
significance was assessed by the Wilcoxon-rank sum test.  
D, Schematic of homozygous mouse crosses generating the data in panel C.  
E, Quantification of homozygous pup weight at postnatal weeks 1-8. Weight measured for all 
pups born to homozygous breeder pairs from both the Smndc1 intronic deletion and Smndc1 
poison exon deletion lines.  
F, Schematic showing phenotypes measured in A. thaliana genetically engineered plants.  
G-J, Phenotypic assessment of wild-type Col-0, intronic deletion, and the SPF30 poison exon 
deletion lines. N = 20 biological replicates per line. Statistical significance was assessed by the 
Wilcoxon-rank sum test. In (G), quantification of total seed mass yielded per plant in milligrams. 
In (H), measurement of days to flowering (onset of flowering, 1 centimeter (cm) inflorescence). 
In (I), quantification of maximal plant leaf length in cm at onset of flowering. In (J), 
quantification of internode length in millimeters. 
  



 

 

 
Figure 2.5. Supplementary Figure 1. Conservation of nucleotide sequence and NMD-

targeting in the human SMNDC1, mouse Smndc1, and A. thaliana SPF30 poison exons. 

 
A, Alignment of human, mouse, and A. thaliana DNA sequences from coding and poison exons 
of SMNDC1, Smndc1 and SPF30, respectively. Highlighted are upstream coding exon (blue), 
poison exon (red), and downstream coding exon (green).  
B, BAM coverage plot of SPF30 gene structure and mapped read coverage in samples treated 
with or without cycloheximide (CHX). Poison exon supporting reads highlighted in yellow. The 
poison exon (green box) was previously unannotated. 



 

 
Figure 2.6. Supplementary Figure 2. Transient overexpression of SMNDC1 in mouse 

melanocytes. 

A, Western blot indicated SMNDC1 signal from mouse melanocytes using a transient 
overexpression system with increasing amounts of SMNDC1 expression. SMNDC1 signal is 
normalized to alpha-tubulin signal.  

. 

  



 

 
Figure 2.7. Supplementary Figure 3. Validation of Smndc1 and SPF30 deletion alleles. 

 
A, Schematic and Sanger sequencing of mouse lines with 254 base pair (bp) deletion of the 
Smndc1 poison exon (#1), 19 bp deletion of the Smndc1 poison exon 3′ splice site (#2), and 35 
bp Smndc1 intronic deletion (#3). Red box indicates the Smndc1 poison exon (PE) and arrows 
indicate guide RNA sequences. Blue dotted arrow in deletion allele #1 indicates a 77 bp 
sequence originally downstream of the PE and inverted in the genetically engineered allele.  
B, Sanger sequence of A. thaliana lines with deletion of the SPF30 poison exon (#1), and SPF30 
intronic deletion (#2). Green box indicates poison exon and arrows indicate guide RNA 
sequences. 
 
  



 

 
Figure 2.8. Supplementary Figure 4. Smndc1 poison exon deletion increases transcript and 

protein abundance and impacts global splicing. 

 
A, Correlation between percent of Smndc1 poison exon read coverage and total Smndc1 
transcript abundance across liver samples. R, Pearson correlation coefficient. N = 17 animals. 
B, Western blot demonstrating SMNDC1 and alpha-tubulin signal and normalized ratio in liver 
lysate from wild-type (WT/WT) and homozygous (Δ/Δ) mice. n = 10 animals per genotype.  
C-D, Scatterplots of constitutive intron splicing (C) and tandem 3′ UTR reads (D) from RNA-
sequencing of liver and fibroblast. Comparison between wild-type and Smndc1 poison exon 
homozygous mice. Red and blue dots represent significantly increased and decreased spliced 
isoforms in the poison exon null samples, respectively. N = 5 biological replicates per genotype.  
  



 

 
Figure 2.9. Supplementary Figure 5. Generation of Smndc1 knockout mouse model suggests 

essentiality of SMNDC1. 

 
A, Paired guide RNAs (pgRNAs, arrows) were designed to disrupt the exon 4 (gray box) of 
Smndc1.  
B, Sanger sequencing trace of 5 bp deletion allele at exon 4 (gray box), including pgRNA-
targeted sequences (arrows).  
C, Representative Western blot of SMNDC1 signal from wild-type (Smndc1+/+) and 
heterozygous (Smndc1+/-) mouse liver lysate, normalized to alpha-tubulin signal. N = 2 animals 
per genotype.  
D, Mendelian analysis of genotyped tissue from three week old offspring. Dotted lines represent 
normal genotypic percentages. P-values generated through Chi-squared testing.  

 

 

  



 

 
Figure 2.10. Supplementary Figure 6. Smndc1 poison exon deletion does not impact litter 

composition, survival, or aging. 

 
A, Quantification of mean litter sizes born to intercrossed and backcrossed mice from the 
intronic deletion (blue) and combined poison exon and 3′ splice site deletion (red) lines. Error 
bars represent +/- standard error. P-value computed using two-sided Wilcoxon rank-sum; n = 54 
litters (intronic deletion line) and 116 litters (combined poison exon and 3′ splice site deletion 
lines). 
B, Proportional representation of male and female pup births across deletion lines as in (A). P-
value computed using chi-squared test.  
C, Kaplan-Meier survival curve of mice either wild-type (WT/WT), heterozygous (WT/Δ), or 
homozygous (Δ/Δ) for Smndc1 poison exon (n = 30 total, both male and female mice).  
D-E, Weight quantification during aging for female (D, n = 27) and male mice (E, n = 9) of 
either WT/WT or Δ/Δ genotype. Boxplot upper whisker extends to the largest value no further 
than 1.5 * IQR. 
  



 

 
Figure 2.11. Supplementary Figure 7. Proliferative and necrotizing polyarteritis in Smndc1 

poison exon null mouse. 

 
A-E, Hematoxylin and eosin staining of multiple tissues from a 6-month-old, male Smndc1 
poison exon null mouse. Imaging depicts arteritis lesions containing neutrophilic inflammation 
and necrosis, with more chronic intimal and medial proliferation, fibrosis, and lymphocytic 
inflammation. Lower-magnification of prostatic artery, artery of skull (presumed temporal 
artery), and thoracic aorta (A-C, respectively); objective lens 20X, scale bar: 100 μm. Higher-
magnification of lumbar arteriole and tongue arteriole (D-E, respectively); objective lens 40X, 
scale bar: 50 μm.  
  



 

2.6 MATERIALS AND METHODS 

Identification of orthologs and sequence alignment 
 

To identify protein orthologs of SMNDC1, we employed Basic Local Alignment Search Tool 

(BLAST) and reciprocal best hit (RBH) analysis. The nucleotide sequence alignment was 

generated with the Clustal Omega online tool (Madeira et al., 2022). We performed a BLASTP 

(protein-protein) search using human SMNDC1 and A. thaliana SPF30 sequences as queries 

against the protein database of each target species. The BLASTP search was conducted using the 

NCBI BLAST+ suite (version 2.14.0+) with default parameters and using the BLOSUM62 

substitution matrix. The top hits from the initial BLASTP search were subjected to a reciprocal 

BLASTP search against the protein database of the query species. Exon DNA sequences were 

aligned using EMBOSS Needle pairwise sequence alignment and default settings. 

 
Mouse model generation and genotyping 
 

All deletion alleles were generated by CRISPR/Cas9-mediated genome editing with paired guide 

RNAs (pgRNAs), as previously described (Singh et al., 2015; Thomas et al., 2020). High-quality 

pgRNA seed sequences (Supplementary Table 2) were selected using the Benchling guide 

design tool, confirmed by GuideScan, and analyzed for specificity using CasOffinder. pgRNAs 

were produced through cloning-free in vitro transcription as previously described (Varshney et 

al., 2015) using the MEGAshortscript T7 Transcription Kit (Life Technologies). Products were 

purified using the MEGAclear Transcription Clean-up Kit (Life Technologies). Cas9 mRNA (50 

ng/µL) and pgRNA (25 ng/µL) were microinjected into single-cell zygotes derived from B6(Cg)-

Tyrc-2J/J inbred mice (JAX strain #000664). Microinjected embryos were transplanted into 

pseudopregnant CD-1 recipients. Founder animals were genotyped using ear punch tissue with 



 

primers that flanked the expected deletion loci by 100 to 200 bases (Supplementary Table 7). 

The resulting amplicons were further characterized by Sanger sequencing and Amplicon-EZ 

Next-Generation Sequencing (Azenta Life Sciences). All founder animals were backcrossed to 

C57BL/6 breeders (JAX strain #000664) for at least four generations.  

 

To genotype founder mice and subsequent generations, ear tissue was collected when the mice 

were two weeks old and digested in Lysis M Buffer (Macherey-Nagel) and Proteinase K 

(Qiagen) for five minutes at room temperature. This was followed by standard PCR using 

appropriate primers and gel electrophoresis (Supplementary Table 7). PCR products were 

subsequently Sanger sequenced when alleles were indistinguishable through gel electrophoresis 

(Supplementary Table 7). After the establishment of backcrossed lines, genotyping was 

performed using quantitative genomic PCR (Transnetyx). 

 
A. thaliana model generation 
 

Seeds from CRISPR/Cas9-generated genetically engineered T1 plants were provided by Creative 

Biogene (Shirley, NY, USA), after careful selection of gRNA with optimal off-target scores 

(Supplementary Table 2). Due to local sequence constraints, only one gRNA was used to target 

the upstream intronic region. Genetically engineered plants contain targeting gRNA sequences 

driven by the Arabidopsis U6-26 promoter, an EC1.1-promoted Cas9 protein with a nuclear 

localization signal, and a bar gene selectable marker (basta resistance gene). To screen plants, we 

collected genomic DNA from leaf samples using the cetyltrimethyl ammonium bromide (CTAB) 

method, performed standard PCR with appropriate primers (Supplementary Table 7), and 

followed this with gel electrophoresis and Sanger sequencing.  

 



 

Isolation of mouse fibroblasts 
 

Isolation of primary fibroblasts was performed from mouse ear and tail tissue as previously 

outlined (Khan & Gasser, 2016), with the following modifications. We euthanized eight-week-

old wild-type, heterozygous, and homozygous littermates, collected ear and tail tissues, and 

immediately carried out digestion in a solution of 15 U/mL collagenase and 0.13% dispase. 

Following digestion and filtration, the cells were cultured in Ham’s F10 medium with 10% FBS, 

1% penicillin, and 1% streptomycin. Once the fibroblasts reached confluency, they were 

dissociated and split at a ratio of 1:5. 

 
RT-PCR 
 

To detect poison exon-containing RNA isoforms in cell lines and A. thaliana seedlings, we used 

cycloheximide (CHX) to inhibit NMD prior to RNA extraction. Cell lines were treated with 

medium containing 100 µg ml−1 CHX for three hours before collection in TRIzol reagent 

(Invitrogen). A. thaliana seedlings (24 days) were removed from the soil, rinsed in buffer (0.046 

g/L Murashige and Skoog Plant Salt Mixture, 0.3 g/L sucrose, pH 5.8), and vacuum-infiltrated 

with 10 µg ml−1 CHX in buffer for 10 minutes, as previously described (Kurihara et al., 2009). 

After vacuum infiltration, seedlings were incubated in the CHX buffer for three additional hours 

at room temperature prior to flash-freezing and immediately homogenization in TRIzol reagent 

(Invitrogen). 

 

Total RNA was extracted using the Direct-zol RNA MiniPrep (Zymo Research). cDNA was 

synthesized using SuperScript IV Reverse Transcriptase (Thermo Scientific) according to the 

manufacturer’s protocol. RT–PCR was performed with Phire Green Hot Start II DNA 



 

polymerase (Thermo Scientific) and gene-specific primers (Supplementary Table 7). 

Amplicons were analyzed and quantified using agarose gel electrophoresis. Band intensity was 

then quantified using FIJI/ImageJ. 

 
Mouse aging and necropsy 
 

Mice were kept under standard housing conditions. To evaluate the impact of aging, we tracked 

their body weight monthly. The mice were gently restrained and weighed on a digital scale with 

a precision of 0.01 grams. This weight data was utilized to monitor age-related changes and 

assess general health throughout the study period. 

 
For necropsy, 6-month-old male mice were euthanized with CO2 to retrieve organs (6 replicates 

total). Organs were washed with deionized water before fixation in 4% paraformaldehyde. The 

tissues were processed routinely, and sections were stained with hematoxylin and eosin. The 

specimens were interpreted by a board-certified staff pathologist, in a blinded fashion. 

 
Immunohistochemistry and HALO analysis 
 

Tissue embedding and staining was performed by the Experimental Histopathology Core at Fred 

Hutchinson Cancer Center. Mouse SMNDC1 was detected using a mouse polyclonal antibody 

(Thermo Fisher PA5-31148) at 1:8000 dilution following optimization by the Experimental 

Histopathology core facility. Staining was performed using a BOND RX autostainer (Leica 

Biosystems). Imaging was performed using an Aperio ImageScope (Leica Biosystems), and 

image analysis was completed using HALO Image Analysis software. 

 
Western blotting 
 



 

Total protein lysates were prepared in RIPA buffer (Cell Signaling) with 1mM Pefabloc (Sigma-

Aldrich) and quantified using the Pierce 660 nm Protein Assay Reagent (Thermo Fisher). Protein 

lysates were electrophoretically separated and transferred to nitrocellulose membrane using 

NuPAGE systems (Thermo Fisher). Membranes were blocked with Odyssey Blocking Buffer 

(LI-COR Biosciences) for one hour at room temperature. Primary antibody incubation was 

performed overnight at 4°C in Intercept Antibody Diluent (LI-COR Biosciences), with 

SMNDC1 (Thermo Fisher PA5-31148, 1:1000) and alpha-tubulin (Sigma-Aldrich T6199, 

1:1000) primary antibodies. IRDye (LI-COR Biosciences) secondary antibodies were used for 

detection and imaging using the Odyssey CLx Imager (LI-COR Biosciences). Protein blot 

analysis and quantification were performed using FIJI/ImageJ. 

 
Protein overexpression in B16-F10 cells  
 

Mouse Smndc1 coding sequence was expressed in the PCMV6-Kan/Neo backbone (OriGene). 

To generate a construct containing A. thaliana SPF30 coding sequence, mouse Smndc1 cDNA 

sequence was dropped out with EcoRI and MluI digestion and A. thaliana cDNA fragment was 

inserted using Gibson assembly. The constructs were transiently transfected in serum-free media 

with Lipofectamine 3000, using 0, 0.25, 1, or 2.5 μg per 400,000 B16-F10 cells in a 6 well plate. 

RNA was collected for RT-PCR 24 hr post-transfection. 

 
RNA-seq library preparation and data analysis 
 

Fibroblast RNA was extracted using Direct-zol RNA MiniPrep kit (Zymo Research), according 

to the manufacturer’s instructions. For tissue RNA extractions, tissue was homogenized in 

TRIzol reagent with zirconium beads prior to RNA extraction, using the Zymo Direct-zol RNA 

Miniprep kit. A minimum of 500 ng of high-quality RNA was used as input for library 



 

preparation. Poly(A)-selected unstranded libraries were prepared using a TruSeq protocol and 

sequenced using an Illumina sequencer to obtain 100 bp paired-end reads. 

 
RNA-seq reads were processed as previously described (Dvinge et al., 2014). In brief, FASTQ 

files were trimmed to remove sequencing adapters and then aligned to the hg19/GRCh37 

reference assembly. This assembly was created by merging the UCSC knownGene gene 

annotation (Meyer et al., 2012), Ensembl gene annotation (Flicek et al., 2012), and MISO 

isoform annotation (Katz et al., 2010). Read alignment and expression estimates were generated 

with RSEM (RNA-seq by expectation maximization; Li & Dewey, 2011), Bowtie (Langmead et 

al., 2009), and TopHat (Trapnell et al., 2009), and isoform ratios were quantified with MISO 

v.2.0 (Katz et al., 2010). Aligned reads from mapping steps were merged to generate BAM 

coverage plots. Significantly differentially spliced events met the following criteria: at least 20 

identifying reads in each sample, a minimum Bayes factor of 5, and a minimum of 10% change 

(absolute scale) in isoform ratio or minimum fold-change of 2 (log2 scale) in absolute isoform 

ratio.  

 
As the mouse Smndc1 poison exon was not annotated in the described RNA-seq mapping 

method, RNA-seq reads were manually mapped to the Smndc1 poison exon inclusion and 

exclusion isoforms using Bowtie. No mismatched nucleotides were allowed, junction-spanning 

reads were filtered to require a minimum overhang of 6 nucleotides, and resulting counts were 

normalized by the length of the mapping index. 

 
All analyses and visualization were performed in the R programming environment, with tools 

from Bioconductor and dplyr, ggplot2, tidyverse packages. 

 



 

Plant growth and phenotyping 
 

For all experiments, control and edited plant lines were grown under long day conditions (16 

hour light/8 hour dark), with fluorescent bulbs at 70–80 µmol m−2 s−1. The room was 

maintained at 22°C and 50% relative humidity. The wild-type Col-0 seeds were collected, stored, 

and planted at the same time as the seeds of the transgenic lines. All genotypes were grown in a 

random block design and plant trays were regularly rotated to account for location-dependent 

growth effects. Longest leaves were measured as the longest leaf at time of bolting (onset of 

flowering, defined by the presence of a 1 cm primary inflorescence). Internode length was 

measured from the primary inflorescence. Seed yield was measured as the total mass of all seeds 

collected from a fully dried plant. 

 
Animal use 
 

Animal husbandry was conducted in accordance with the Guidelines for the Care and Use of 

Laboratory Animals and was approved by the Institutional Animal Care and Use Committees at 

Fred Hutchinson Cancer Center.  

  



 

 

2.7 TABLES 

Table 2.1. Supplementary Table 1: Reciprocal best hit analysis across species. 

Species 
BLASTP 

query E-Value 
Percent 
identity Protein identifier 

Reciprocal BLASTP to 
query 

H. sapiens NA NA NA SMNDC1 NA 

M. musculus H. sapiens 6.00E-177 99.58% Q8BGT7 TRUE 

R. norvegicus H. sapiens 2.00E-176 99.16% NP_001020571.1 TRUE 

C. familiaris H. sapiens 3.00E-178 99.58% E2QYH2 TRUE 

G. gallus H. sapiens 3.00E-150 95.80% E1BQK7 TRUE 

X. tropicalis H. sapiens 6.00E-139 88.66% Q6DEY1 TRUE 

D. rerio H. sapiens 1.00E-129 78.99% Q7ZV80 TRUE 

T. rubripes H. sapiens 4.00E-125 74.37% XP_003964002 TRUE 

C. intestinalis  H. sapiens 6.00E-69 48.95% XP_002129900 TRUE 

S. purpuratus H. sapiens 3.00E-49 51.28% XP_030830516 TRUE 

C. elegans H. sapiens 4.00E-21 37.50% NP_001022932 TRUE 

D. melanogaster H. sapiens 2.00E-39 41.77% NP_001138001  TRUE 

N. vectensis H. sapiens 2.00E-52 43.55% XP_032236631 TRUE 

N. crassa A. thaliana 2.00E-05 40.98% NCU04794 TRUE 

S. pombe A. thaliana 0.015 40.32% NP_588166 TRUE 

A. thaliana NA NA NA Q84K41_ARATH NA 

O. sativa  A. thaliana 2.00E-131 63.25% XP_015650899 TRUE 

T. socialis A. thaliana 6.00E-33 34.19% PNH12932.1 TRUE 
 
 
  



 

Table 2.2. Supplementary Table 2: Sequences of pgRNAs used in model generation. 

gene target pgrna_id species grna1 
grna1 
PAM grna2 

grna2 
PAM 

Smndc1 
poison 
exon pgSmndc1.1 mouse GAATAAACTGGTTCTAAAGG NGG GAACTACTTTACGTATGAGG NGG 

Smndc1 
poison 
exon pgSmndc1.2 mouse ACTTGTCTCATATATTACAG NGG TACTGAAGGAAGGCGTTTCG NGG 

Smndc1 intron 2 pgSmndc1.3 mouse CAAAAACGCAAATCAGGTGG NGG AACCCAGATGGTGTTCACCG NGG 

Smndc1 exon 4 pgSmndc1.4 mouse TCTTTACAGGTGTTACGAAG NGG AGCGTCACTCACTTTGACAT NGG 

SFP30 
poison 
exon pgSPF30.1 arabidopsis CTTGGTTATTTGTGTTGTGC NGG GGGATCAAACACGAGAAATC NGG 

SFP30 exon 2 pgSPF30.2 arabidopsis GTCAGAGGATCCTAGGAACT NGG TCTGCATATTCCGAGTTCCT NGG 

SFP30 intron 2 pgSPF30.3 arabidopsis CAGATTCCTTCAAAAGAGGC NGG - - 

 
  



 

Table 2.3. Supplementary Table 3: Smndc1 expression across mouse models and tissue samples 

mouse_line mouse_genotype mouse_id sample_origin 

Smndc1 
expression 
(TPM) 

3' splice site homozygous 210115_17 fibroblast 33.458561 

3' splice site heterozygous 210115_18 fibroblast 28.119879 

3' splice site wild-type 210115_19 fibroblast 24.421763 

poison exon wild-type 210115_30 fibroblast 27.856688 

poison exon homozygous 210115_31 fibroblast 34.440598 

poison exon heterozygous 210115_33 fibroblast 32.370823 

3' splice site homozygous 210115_17 liver 21.757213 

3' splice site heterozygous 210115_18 liver 18.990131 

3' splice site wild-type 210115_19 liver 17.745878 

poison exon wild-type 210115_30 liver 15.972025 

poison exon homozygous 210115_31 liver 23.924761 

poison exon heterozygous 210115_33 liver 19.439494 

poison exon homozygous 210910_1 fibroblast 37.082112 

poison exon homozygous 210910_2 fibroblast 36.353529 

poison exon wild-type 210910_5 fibroblast 26.293468 

poison exon wild-type 210921_30 fibroblast 36.844394 

poison exon wild-type 210921_32 fibroblast 36.884562 

poison exon homozygous 210910_1 liver 21.605446 

poison exon homozygous 210910_2 liver 20.208177 

poison exon wild-type 210910_5 liver 13.116939 

poison exon wild-type 210921_30 liver 14.149304 

poison exon wild-type 210921_32 liver 15.507439 

poison exon wild-type 210503_1 cerebellum 17.809182 

poison exon heterozygous 210503_2 cerebellum 19.247741 

poison exon homozygous 210503_3 cerebellum 18.990067 

poison exon homozygous 210503_6 cerebellum 17.894433 

poison exon wild-type 210503_7 cerebellum 15.569345 

poison exon heterozygous 210503_8 cerebellum 18.326943 

poison exon wild-type 210503_1 liver 14.007783 

poison exon heterozygous 210503_2 liver 16.711969 

poison exon homozygous 210503_3 liver 17.944239 

poison exon homozygous 210503_6 liver 18.366804 

poison exon wild-type 210503_7 liver 15.588578 



 

poison exon heterozygous 210503_8 liver 20.036803 

poison exon wild-type 210503_1 quad 20.433079 

poison exon heterozygous 210503_2 quad 22.174108 

poison exon homozygous 210503_3 quad 28.227602 

poison exon homozygous 210503_6 quad 22.694817 

poison exon wild-type 210503_7 quad 19.085531 

poison exon heterozygous 210503_8 quad 21.951409 

poison exon wild-type 210503_1 fibroblast 31.656086 

poison exon heterozygous 210503_2 fibroblast 31.769339 

poison exon homozygous 210503_3 fibroblast 35.671046 

poison exon homozygous 210503_6 fibroblast 36.232673 

poison exon wild-type 210503_7 fibroblast 29.020742 

poison exon heterozygous 210503_8 fibroblast 31.522736 

poison exon wild-type 210503_1 spleen 33.354154 

poison exon heterozygous 210503_2 spleen 30.776749 

poison exon homozygous 210503_3 spleen 36.243246 

poison exon homozygous 210503_6 spleen 37.443884 

poison exon wild-type 210503_7 spleen 30.788902 

poison exon heterozygous 210503_8 spleen 31.116246 
 
 
  



 

Table 2.4. Supplementary Table 7. Primers used for Sanger sequencing, gDNA PCR, and RT-

PCR. 

primer_F_id primer_F_seq primer_R_id primer_R_seq use 

RKB3931 AGCTCAACTCCAGCAAGTAGAAGC RKB3933 GAAGCAAAACTGTCTGAGCTTGCG 
RT-PCR; mouse 
Smndc1 poison exon 

RKB4441 GCGACAAAGAACCATCGGAG RKB4442 CGTCTTTTCCCAAGCACCCT 
RT-PCR; A.thaliana 
SPF30 poison exon 

RKB4453 GTAGGTCTCGCGAGATCTCG RKB4454 CCGAAGGCTGAGTTGACAGA 

RT-PCR; mouse 
Smndc1 poison exon, 
5' UTR priming 

Sm1Poex1CRIS-
F TTTGACTTAGGAAGGAAAGTAGGT 

Sm1Poex1CRIS-
R CCAGAGAATTTTCTCCTGATG 

gDNA PCR; mouse 
Smndc1 poison exon 
deletion 

Sm1spCRIS-F TCTTTTAAAGTCCTAACTGCTTGt Sm1spCRIS-R TACGTATGAGGGGGTTCTT 

gDNA PCR; mouse 
Smndc1 poison exon 3' 
splice site deletion 

Sm1ContCRIS-F GTAGACAGTTTTTACCTAAAAGGCTTA 
Sm1ContCRIS-

R TGCACTGTCCAATATGTAATCAA 

gDNA PCR; mouse 
Smndc1 intronic 
deletion  

RKB4475 GGCTTTTGATACCAGGTGCC RKB4476 ACAGTCTCCACTTTACCTAGGC 

gDNA PCR; mouse 
Smndc1 exon 4 
deletion 

RKB4472 TGTGGATTCGTTTTATTAGTCTCCC RKB4473 CAACTGCTTTTGGCTGACCC 

gDNA PCR; 
A.thaliana SPF30 
poison exon deletion 

RKB4474 AGGTGAGTATGTTTTTGAGTGGC RKB4432 GCAGTTGCAAGAACTTCCTCT 

gDNA PCR; 
A.thaliana SPF30 
intronic deletion 

 

2.8 DATA AVAILABILITY 

RNA-seq data generated as part of this study were deposited at the Sequence Read Archive 

(SRA, https://www.ncbi.nlm.nih.gov/sra) under accession number PRJNA1027874. RNA-seq 

data generated by CHX treatment of A. thaliana (Drechsel et al., 2013) were accessed through 

GEO accession number GSE41432. 
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Chapter 3. ATG7 ALTERNATIVE POLY(A) SITE SELECTION 

ALTERS MELANOMA CELL GROWTH IN VITRO AND IN VIVO 

This chapter includes work referenced in the following publication as well as unpublished 

results: 

 

Multiplexed screening reveals how cancer-specific alternative polyadenylation shapes 
tumor growth in vivo.  Gabel, A. M., Belleville, A. E., Thomas, J. D., McKellar, S. A., 
Nicholas, T. R., Banjo, T., Crosse, E. I., & Bradley, R. K. (2024). Nature Communications, 
15(1), 959. https://doi.org/10.1038/s41467-024-44931-x 
 
Please note that Austin Gabel is the primary author of the referenced publication above. Text 

within this Chapter reflects work published by Austin Gabel, including modifications from me. 

This Chapter includes work that I performed with Austin Gabel to support the project and my 

contributions to manuscript revisions. Many experiments described in this chapter were designed 

by Austin Gabel, Robert Bradley, and me, and performed by Austin Gabel and me. I have noted 

instances of work performed by Austin Gabel, for which I cannot take credit. I am grateful for the 

opportunity to collaborate on this project. 

 
 

3.1 SUMMARY 

Alternative polyadenylation (APA) is a complex biological process that is dysregulated in many 

cancers. It has previously not been clear whether differential poly(A) site selection is causative 

or merely correlative to tumorigenesis. Recent studies focused on the endogenous role of poly(A) 

site selection in cancer systems indicate that many APA events do not impact tumorigenesis, 

while certain key APA events can control mouse melanoma in immunocompetent hosts. We 

investigated one such APA event in the critical autophagy gene Atg7. Forced use of the distal 

Atg7 poly(A) site lengthens the 3′UTR, destabilizes mRNA, and reduces total ATG7 protein 

levels. Consequently, mouse melanoma cells with forced use of the Atg7 distal poly(A) site 



 

demonstrate reduced proliferation, improving host survival. This result can be rescued with 

increased ATG7 protein, suggesting a direct proliferative phenotype tied to ATG7 levels in an 

autophagy-independent manner. 

 
 

3.2 INTRODUCTION 

RNA processing is a complex and dynamic means to modulate gene expression. Alternative 

cleavage and polyadenylation (APA) is one step in RNA processing whereby a pre-mRNA 

transcript is cleaved and a poly-adenosine monophosphate, or poly(A), tail is added. The addition 

of the poly(A) tail can occur at more than one distinct location, ultimately impacting the length 

of the 3’ untranslated region (UTR). The alternative use of distinct poly(A) sites impacts about 

70% of human genes, and many sites are shared between mammalian species (Derti et al., 2012). 

Poly(A) site selection is frequently impacted by upstream intronic splicing (Rigo and Martinson, 

2008, Movassat et al., 2016), and is coordinated by many RNA-binding proteins and 

polyadenylation machinery (Tian and Manley, 2016; Mitschka and Mayr, 2021). The functional 

significance of most APA events is unknown, but mechanistic studies of specific APA events 

demonstrate that APA can regulate mRNA abundance (Lianoglou et al., 2013), translation (Spies 

et al., 2013), and cellular localization (Berkovits and Mayr, 2015). APA is context-dependent—

for example as mouse myogenesis progresses, mouse genes tend to express mRNAs with longer 

3' UTRs (Ji et al., 2009). Rapidly dividing cells preference use of the proximal poly(A) and have 

shorter 3' UTRs (Sandberg et al., 2008). 

 

In cancer cells, APA is frequently dysregulated. Similar to our understanding in healthy cells, 

the functional relevance of many cancer-associated APA events is not fully understood. It has 



 

previously been unclear if APA dysregulation is a causative factor in cancer progression or if 

APA dysregulation is a correlative byproduct of other cancer phenotypes, such as rapid cell 

division. Recent work by our lab has begun to address the causative impact of APA in 

tumorigenesis using a CRISPR/Cas9 paired guide RNA (pgRNA) murine system. By comparing 

the APA landscape in a syngeneic context—mouse melanoma (B16-F10 cells) and melanocytes 

(MelanA cells)—we identified cancer-specific polyadenylated events in mouse melanoma 

(Gabel et al., 2024). From this comparison, we targeted the gene-proximal poly(A) sites of 143 

genes, 25% of which are also dysregulated in human TCGA melanoma samples. The targeted 

deletion of proximal poly(A) sites is a well-established method to force usage of the distal 

poly(A) site (Bae et al., 2020, Pereira-Castro et al., 2022). We then systematically quantified 

how APA events contribute to tumor growth in vivo and found that many APA events have 

modest or no effects on tumor growth kinetics. However, specific APA events play critical 

functions in either promoting or inhibiting tumorigenesis (Gabel et al., 2024). For example, 

pgRNAs targeting the proximal poly(A) site of Atg7 were strongly depleted in vitro and in vivo, 

suggesting distal polyadenylation of Atg7 decreases tumorigenesis.  

 

Autophagy related protein 7, ATG7, is a critical protein for autophagosome formation, a 

key cellular maintenance and survival mechanism. Autophagosomes traffic cytosolic 

components to lysosomes for degradation, and ATG7 plays a key role in conjugating and loading 

phagosome components. Correspondingly, the loss of ATG7 protein inhibits autophagy 

(Komatsu et al., 2005). Autophagy is frequently reported to be dysregulated in cancers, with 

either tumor-promoting or tumor-suppressive effects depending on the tumor setting, stage, or 

context (Levy and Thorburn, 2015; Galluzzi et al., 2015,). However, in a pancreatic ductal 

adenocarcinoma model (PDAC), Atg7 hemizygous loss reduced tumor progression, metastasis, 



 

and cellular invasion in an autophagy-independent manner (Long et al., 2022). This model 

corresponds with our initial screen data targeting Atg7 proximal poly(A) site, and we aimed to 

validate this phenotype and understand the mechanistic implications of Atg7 APA in melanoma.  

 

3.3 RESULTS 

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

We first sought to assess the mRNA stability of the Atg7 short and long 3′UTR isoforms by an 

Actinomycin D time course. The percent of Atg7 mRNA transcripts utilizing the distal poly(A) 

site decreased to a greater extent than those utilizing the proximal poly(A) site in the setting of 

Actinomycin D (Figure 3.1 A-B). This trend suggests the long Atg7 3' UTR transcript is less 

stable than the shorter Atg7 3' UTR transcript. This may in part explain the reduced protein levels 

observed in B16-F10 Atg7 proximal poly(A) site knock-out (pKO) cells (Figure 3.2 B). 

In the setting of a previous CRISPR/Cas9 screen, alteration to Atg7 3' UTR was 

demonstrated to lead to reduced growth of murine melanoma in vivo (Gabel et al., 2024). To 

validate that alteration of 3' UTR polyadenylation impacts in vivo growth, we treated B16-F10 

cells with either pgRNAs targeting the proximal poly(A) site of Atg7 (pKO) or a control pgRNA 

targeting a poly(A) site of an unexpressed gene. Targeting the proximal poly(A) site is shown to 

promote usage of the distal poly(A) site and therefore lengthen transcript 3' UTR length (Gabel 

et al., 2024). The generated cell lines were engrafted subcutaneously into C57BL/6 mice and 

survival was measured. B16-F10 Atg7 pKO tumors exhibited reduced growth and consequent 

significantly prolonged survival when compared to control pKO tumors (p = 0.0053, Figure 

3.1C). 



 

To determine how the use of the Atg7 distal poly(A) site may lead to reduced cellular 

proliferation and consequently improved survival, we performed immunohistochemistry (IHC) 

for the proliferation marker Ki67. When analyzing Atg7 pKO tumors, we noted a significantly 

higher proportion of nuclei with moderate and high levels of Ki67 when compared to control 

tumors (Figure 3.1D-E). The higher proportion of Ki67 may initially seem at odds with slower 

tumor growth in Atg7 pKO tumors. However, since Ki67 levels fluctuate through the cell cycle, 

we performed cell cycle analysis with propidium iodide staining. This analysis demonstrated that 

Atg7 pKO cells spend an increased fraction of time in S phase and G2/M phase, relative to 

control B16-F10 cells (Figure 3.1F). This is consistent with tumor IHC and previous work with 

ATG7 KD in human bladder cancer cells (Zhu et al., 2017).  

The occurrence of APA in Atg7 across mouse and human cells points to the potential that 

the ATG7 3′ UTR length could be a factor in human melanoma growth, mirroring its effect in 

mouse melanoma. After binning the 424 patients in TCGA melanoma cohort into terciles based 

on ATG7 3' UTR length, we observed a correlation between long ATG7 3' UTR length and 

improved progression-free survival (Figure 3.1G). This correlation suggests a possible 

mechanism by which melanoma may regulate ATG7 protein levels to influence growth. 

 

3.3.2 Restoration of ATG7 protein rescues the Atg7 pKO growth phenotype 

To bolster these conclusions regarding the functional relevance of Atg7 APA isoforms, we 

performed ectopic ATG7 rescue experiments. We generated two Atg7 cDNA constructs with 

identical Atg7 coding sequences followed downstream by either 1) a SV40 poly(A) signal or 2) 

the endogenous Atg7 proximal poly(A) signal (Figure 3.2A). Constructs were stably transduced 

into Atg7 pKO cell line which harbors the specific deletion of the proximal poly(A) site. We 



 

validated ATG7 protein expression from both constructs was 3.47 and 2.74 fold higher than Atg7 

pKO protein expression (in the Atg7 SV40 and Atg7 short 3′UTR constructs, respectively; 

Figure 3.2B). Both constructs modestly increased ATG7 levels relative to endogenous ATG7. 

Next, we tested cell growth in vitro using a Cell Titer-Glo proliferation assay. We found 

that expression with either the Atg7 SV40 or Atg7 short 3' UTR constructs rescued the cell 

proliferation phenotype of Atg7 pKO cells (Figure 3.2C). While not yet completely validated 

from the endogenous locus, these data are consistent with the idea that ATG7 protein levels drive 

the proliferation phenotypes present in Atg7 pKO cells. These experiments allowed us to 

demonstrate the restoration of ATG7 protein and consequent rescue of reduced growth 

phenotype in Atg7 pKO cells lacking the proximal poly(A) site.  

 

3.3.3 Reduced metastatic potential of Atg7 pKO cells 

Enlightened by human melanoma cohort data in which Atg7 long 3' UTR usage is associated 

with increased overall survival (Figure 3.1G), we performed many experiments using a murine 

melanoma model (B16-F10 cells) and focused on proliferation phenotypes. Our mouse tumor 

experiments focused on tumor growth at the site of engraftment and did not consider tumor 

metastasis. However, patient survival data is frequently tied to tumor dissemination, and not 

primary tumor growth per se (Steeg, 2006). To test migratory potential of our cell model, cells 

were grown to confluence, a thin scratch was introduced, and cell regrowth into the scratched 

area was assayed. This experiment demonstrated reduced migratory potential in B16-F10 Atg7 

pKO cells relative to B16-F10 Crabp1 pKO (control) cells (Figure 3A-B). These data reflect a 

reproducible and statistically significant reduction in Atg7 pKO migration at all time points 

assayed.  



 

 

3.4 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. Through our study of Atg7 pKO 

melanoma cells, we reveal a causative link between Atg7 APA and reduced proliferative and 

migratory capacity, which could influence metastatic capacity. Mechanistically, forced use of the 

distal Atg7 poly(A) site destabilizes the mRNA transcript and reduces ATG7 protein levels. The 

proliferative phenotype may be rescued by increasing ATG7 protein levels, and interestingly this 

phenotype seems to be autophagy-independent in line with other recent reports in PDAC (data 

not shown; Long et al., 2022). It is possible that reducing ATG7 protein by roughly 60% impacts 

growth phenotypes but is not sufficient to impact ATG7’s role in autophagy. 

It should be emphasized that our study was centered on understanding the role of APA 

modulation in the proliferative capacity of tumor cells. Cancer cell proliferation is one of several 

vital factors that affect the prognosis of cancer patients. Our study, however, did not include a 

full evaluation of metastatic potential, which is commonly associated with overall patient 

survival (Steeg 2006). Consequently, a natural progression of this study would be to investigate 

how APA specific to cancer influences the spread of tumor cells. Indeed, recent work in 

metastatic breast cancer established that the downregulation of heterogenous nuclear 

ribonucleoprotein C encoding the RNA-binding protein HNRNPC in highly metastatic cells was 

associated with increased distal poly(A) site usage in many downstream genes (Navickas et al., 

2023). Correspondingly, increasing HNRNPC levels reduced metastatic capacity, likely through 

rescuing normal APA signature of downstream genes. 



 

While our study of Atg7 pKO utilized a polyclonal pool of cancer cells and utilized bulk 

sequencing techniques, future studies of APA in complex cancer microenvironments may take 

advantage of increasingly available scRNA-seq datasets and techniques. The development of 3’-

tagged scRNA-seq protocols and computational tools will greatly increase the number of 

publicly available datasets that can be used to quantify gene and 3′UTR isoform expression from 

specific cell types or developmental stages (Li et al., 2021; Agarwal et al., 2021, Kim et al., 

2019, Shulman and Elkon, 2019). Tumor or immune-specific APA signatures may be prognostic 

markers or potentially therapeutic targets, as our understanding of APA-related cancer 

phenotypes develops. 

 
  



 

3.5 FIGURES 

Please note that Figure 3.1 below is the work of Austin Gabel, included in the publication Gabel 

et al., Nature Communications (2024).  I have reduced the Figures to those elements that I 

collaborated on or those that provide context to this Chapter. I generated and analyzed the data 

represented in Figures 3.2 and 3.3 with input from Austin Gabel. 

 

 
 

Figure 3.1. Atg7 alternative poly(A) site selection alters melanoma cell growth in vitro and in vivo. 
 
A) Nested RT-PCR of the Atg7 3′ UTR in Cas9-expressing B16-F10 cell lines treated with 1 
ug/mL Actinomycin D to inhibit transcription. Expected Atg7  3′ UTR size when utilizing the 
proximal poly(A) site (short) or the distal poly(A) site (long) are indicated. Representative gel 
from n = 2 biological replicates. 
B) Quantification of the percent distal isoform from (A). Gel intensities quantified using FIJI. 



 

C) Survival data from a cohort of C57BL/6 mice injected with Cas9-expressing B16-F10 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). 
D) Left, representative immunohistochemistry images of control or Atg7 pKO pgRNA tumor 
sections stained for Ki67. Right, images with nuclei classified using HALO as negative (blue), 
weak (yellow), moderate (orange) or strong (red) staining. 
E) Stacked bar plot quantifying data from (D). 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. P value calculated with a two-sided binomial proportion test.   
F) Representative flow cytometry histograms of Cas9-expressing B16-F10 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.  
G) Kaplan-Meier analysis of progression-free survival in TCGA cutaneous melanoma cohort for 
patients binned into terciles based on ATG7 3′ UTR length. P value from a two-sided log-rank 
test. 
  



 

 
Figure 3.2. Restoration of ATG7 protein rescues Atg7 pKO growth phenotype 

A) Schematic of two Atg7 cDNA constructs harboring identical coding sequences, but distinct 3′ 
UTRs, with either an SV40 poly(A) signal or the endogenous 3′ UTR and the proximal poly(A) 
site.  
B) Immunoblot of protein collected from Cas9-expressing B16-F10 cells treated with either a 
control pgRNA or Atg7 pKO pgRNA with stable expression of the indicated Atg7 cDNA 
construct. Protein ratio normalized to a-Tubulin concentration and then to the control pKO 
protein ratio.  
C) In vitro cell growth of Cas9-expressing B16-F10 cells treated with a control pgRNA or Atg7 
pKO pgRNA with the indicated cDNA constructs as measured by CellTiter-Glo. Measurement is 
the average of three replicates +/- standard error of the mean. 
 
 



 

 
Figure 3.3. Reduced metastatic potential of Atg7 pKO cells 

A) Percent cell migration of B16-F10 Crabp1 pKO or Atg7 pKO cells at multiple time 
timepoints. Scratch width values are normalized to scratch width at 0 hr and percent migration is 
calculated as a percent traveled from the original scratch border. Two-sided Wilcoxon rank sum, 
error bars represent +/- SD. n = 20 image sets (Crabp1 pKO), n = 18 image sets (Atg7 pKO). 
B) Representative imaging of B16-F10 Crabp1 pKO (top) or Atg7 pKO (bottom) cells at 0, 6, 
12, and 24 hours post-scratch. Bars represent 1000 um. 
 
  



 

3.6 MATERIALS AND METHODS 

Please note that Materials and Methods below are the work of Austin Gabel, included in 

publication Gabel et al., Nature Communications (2024).  I have reduced Materials and Methods 

to those elements that I collaborated on or those that provide context to this Chapter. I 

specifically wrote and performed sections 3.6.8 and 3.6.9 and collaborated in performing 

additional sections. 

 
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. Six-week-old C57BL/6 male mice were obtained 

from the Jackson Laboratory for all animal experiments listed here. Animals were housed for 1 

week prior to initiation of any experiments in line with IACUC guidance. 

 
Cell culture and in vitro validation studies 
 

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

instructions. 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. 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.  

 
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. 

5x106 cells were then injected subcutaneously into each flank of adult male C57BL/6 mice, and 

monitored using calipers. Animals were euthanized when a tumor reached 1.5 cm in any 

dimension in accordance with IACUC guidelines, and no tumors ever exceeded this threshold in 

any dimension. 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 

(ThermoFisher 15596018) for subsequent RNA isolation.  

 
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 log-rank 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 

level 3′ UTR measurements were downloaded from a previously published database (Feng et al., 

2018) or computed using the APAlyzer package in R (Wang and Tian, 2020). For this Chapter, 

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.  

 
Immunohistochemistry 
 

https://www.thermofisher.com/order/catalog/product/15596018


 

Tissues from tumors were processed, embedded and stained through the Fred Hutch 

Experimental Histopathology core. Mouse Ki-67 (CST Clone 12202 1:2000 dilution) staining 

was performed using a rabbit monoclonal antibody. 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. 

 
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 

(ThermoFisher 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 as the percent distal isoform (pdi) defined as the percent of total signal arising from 

bands corresponding to distal poly(A) site use. For the Actinomycin D treatment time course, 

cells were plated and treated with 1 ug/mL Actinomycin D (Sigma-Aldrich A1410-2MG) for the 

indicated time frame, whereafter cells were harvested and RNA was isolated as described above. 

Specific primer sequences are listed in Supplementary Data File 6. 

 
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 BOLT system (ThermoFisher 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) 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.  

 
Scratch migration assay 
 

B16-F10 cells were plated on 12 well plates and grown to 90% confluency. Scratches were 

generated in a straight line using sterile pipette tips, and dislodged cells were removed through 

two successive PBS rinses. Cells were grown in serum free media and imaged using BioTek 

Cytation at 0, 6, 12, and 24 hours. Gap width analysis was performed using the 

Wound_healing_size_tool plugin in ImageJ (Suarez-Arnedo et al., 2020). Multiple sites were 

measured in each well. 

 
Overexpression assay 
 

Transfer plasmids were generated on the pLentiGuide_CMV_EF1a_Neo backbone. Lentivirus 

was generated by transfecting HEK293T with 2 ug plasmid DNA (transfer plasmid, psPAX2, 

VSV-G) and the Lipofectamine 3000 system (ThermoFisher Scientific). Lentivirus titer was 

calculated and equivalent lentivirus was added to 100,000 B16-F10 cells. After 24 hr, cells were 

selected with G418 (3 mg/mL). Western blot and proliferation assays were performed after two 

weeks of selection. 
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Chapter 4. VAULT’S ROLE IN ANTI-TUMOR IMMUNITY 

The following work was performed in collaboration with Siegen McKellar (Rob Bradley lab, 

Fred Hutchinson Cancer Center). The work represented here is ongoing and will serve as the first 

chapters of the story that will be continued by Siegen McKellar. I developed the mouse model 

and performed the computational analysis demonstrated below; Siegen and I collaborated on 

mouse studies and molecular work. 

4.1 SUMMARY 

We have preliminary evidence that Major Vault Protein (MVP), the major constituent of the 

vault particle, is positively correlated with patient survival in both renal cell carcinoma and 

melanoma contexts. We demonstrate that MVP expression in both malignant cells and immune 

populations is associated with improved response to immune checkpoint blockade (ICB). We 

suggest vault’s potential role in modulating interferon gamma (IFNγ) response in murine 

malignant cells. Lastly, we demonstrate that host-expressed MVP in mice is significantly 

associated with reduced tumor burden and improved survival outcomes. There is still much to 

learn about vault’s tumor-intrinsic and immune cell-intrinsic roles in anti-tumor immunity. 

 

4.2 INTRODUCTION 

Over the past two centuries, scientists have been engaged in the characterization of cell 

organelles, beginning with the advent of the first light microscopes and later with electron 

microscopy. It wasn’t until 1986 that researchers first documented vaults—which are large 

cellular ribonucleoparticles— despite their size (13 MDa) and widespread expression in animal 

cells (Kedersha and Rome, 1986). Vaults were aptly named after their barrel-shaped symmetry, 



 

which resembles the vaulted ceilings of cathedrals (Rome et al., 1991). The primary structure of 

the vault particle is composed of thirty-nine copies of Major Vault Protein (MVP), which self-

oligomerize to form half the domed vault structure (Stephen et al., 2001). The MVP-dependent 

formation of the vault particle is highly dynamic, allowing for the incorporation of two vault-

associated proteins, poly(ADP-ribose)-polymerase (vPARP) and telomerase-associated protein 1 

(TEP1) (Poderycki et al., 2006). Additional small untranslated vault RNAs (vtRNAs) are 

associated with vault RNPs to differing degrees across species (Stadler et al., 2009). Because the 

primary structural component of vault is MVP, and MVP particles readily form vault structures, 

most studies approximate MVP expression and localization to that of the vault particle. There is 

some evidence that MVP may have functional significance outside of the vault particle, for 

example on the cell-surface (Lee et al., 2017), but more work is needed to fully characterize 

vault-independent MVP function. 

Given the intriguing hollow nanocapsule structure of the vault particle, as well as its 

conservation across many eukaryotic species (Kedersha et al., 1990), studies have focused on 

vault’s fundamental cellular function. Many publications followed the discovery of the vault 

particle, largely focused on the role of vault, and consequently MVP, in chemotherapeutic drug 

resistance. Multiple in vitro studies in human chemoresistant cell models described a correlation 

between drug resistance and MVP overexpression (reviewed in Mossink et al., 2003 and Berger 

et al., 2009). This is an intriguing correlation, especially given vault’s localization at the nuclear 

pore complex (Dickenson et al., 2007) which may point to vault’s role in cyto-nuclear 

trafficking. Despite these correlations, mechanistic evidence directly linking vault particles to 

drug resistance remains scant. Furthermore, in vivo studies utilizing Mvp knockout mice do not 

exhibit increased sensitivity to cytostatic drugs (Mossink et al., 2002), indicating that while MVP 



 

may be indicative of a drug resistance phenotype, its functional role in this process has not yet 

been elucidated. 

Compelling insights into vault's cellular function emerge from its involvement in immune 

cell development and innate immune response to pathogens. Notably, macrophages, dendritic, 

and epithelial cells are among the cell types that exhibit the highest levels of MVP expression. 

Depleting MVP impedes proper dendritic cell differentiation and antigen presentation 

capabilities (Schroeijers et al., 2002).  MVP is upregulated in the setting of viral infection, where 

MVP is necessary for optimal interferon production (Liu et al., 2012). In mouse models, MVP 

loss leads to decreased antiviral cytokine production and results in suboptimal viral response 

(Peng et al., 2016). In epithelial cells exposed to Pseudomonas aeruginosa, MVP is rapidly 

recruited to lipid rafts, which are dynamic protein assemblies within the cell membrane, where 

MVP plays a role in cell internalization and clearance of bacteria (Kowalski et al., 2007). Many 

lines of evidence, therefore, point to vault’s important role in immune cell development and 

pathogen response. 

Lastly, due in part to vault’s association with lipid rafts in the cell membrane as well as 

localization at nuclear membrane, vault has been postulated to be an important regulator of 

multiple intracellular signaling pathways. Among the many pathways MVP has been indicated to 

play a role, MVP was first suggested to regulate the tumor suppressor PTEN by binding in a Ca2+ 

dependent manner (Yu et al., 2002). MVP was demonstrated to interact with multiple 

components of the epidermal growth factor (EGFR)-induced MAPK pathway, such as Erk and 

Shp2 (Kolli et al., 2004), and may act as a scaffold for protein components within this pathway. 

MVP transcription is also responsive to many cytokines, including type II interferon. MVP’s 

promoter contains a STAT1-binding site and transcription is stimulated by exposure to interferon 



 

gamma (IFNγ; Steiner et al., 2006). Interestingly, in MVP-negative lung cancer models, MVP 

overexpression leads to reduced STAT1 phosphorylation and thereby reduces IFNγ response. 

These studies suggest that while MVP is stimulated by IFNγ, it may also modulate interferon 

response in various cellular contexts and with different external stimuli (Steiner et al., 2006). 

MVP’s involvement in these diverse pathways implicates MVP and potentially other proteins 

within the vault structure as important scaffolds for many protein interactions.  

Tumor-intrinsic MVP has been studied in cancer outside of multidrug resistance, but its 

associations with tumorigenesis seem to be largely context-dependent. For example, MVP is 

overexpressed in papillary thyroid cancer where it was shown to activate the PI3K/AKT/mTOR 

and MAPK/ERK pathways (Dong et al., 2022). Similarly, MVP upregulation in colon cancer 

mouse models was demonstrated to alter miRNA loading into exosomes and thereby promote 

tumorigenesis (Teng et al., 2017).  In contrast, MVP is upregulated in a lung adenocarcinoma 

model where it is believed to inhibit the STAT3 signaling pathway and inhibit tumorigenesis 

(Bai et al., 2019). It is clear that MVP plays an important but varied role in solid tumors that is 

likely context-specific. As the paradigm of solid tumor cancer therapy has shifted towards 

blockade of T-cell inhibitory pathways, there is still much unknown about the role MVP may 

play in the critical response to immune checkpoint blockade (ICB). I will present our findings 

demonstrating that MVP expression is associated with enhanced patient survival across various 

cancer subtypes. Notably, this survival correlation is strengthened in the context of ICB 

treatment. Considering MVP's pivotal role in the immune response to pathogens, we hypothesize 

that MVP functions as more than a marker of improved treatment response, and may be involved 

in enhancing tumor cell recognition and ICB response in malignant cells. 



 

4.3 RESULTS 

4.3.1 MVP expression status is associated with improved survival and ICB response in renal 

cell carcinoma and metastatic melanoma. 

In order to assess MVP expression across multiple cancers, we used bulk RNA-seq data from 

The Cancer Genome Atlas (TCGA). We stratified patients from each cohort into lowest and 

highest terciles of MVP expression and generated Kaplan-Meier estimates of overall survival. 

Notably among primary cancer types, MVP expression was significantly correlated (p = 4.8e-3) 

with improved survival in the papillary renal cell carcinoma cohort (Figure 4.1A). Given MVP’s 

known role in modulating response to IFNγ, we also searched available ICB-treated bulk RNA-

seq datasets to see if MVP expression correlated with improved survival in this context. Indeed, 

in two metastatic melanoma cohorts treated with either anti-PD1 therapy (Liu et al., 2019) or 

anti-CTLA-4 therapy (Van Allen et al., 2015), MVP expression was significantly correlated (p = 

1.6e-3 and p = 9.04e-4, respectively) with improved patient survival (Figure 4.1B). 

 
We next investigated if MVP expression was derived from malignant or immune cell 

subsets within the tumor, and specifically how MVP expression within these cell subsets is 

correlated with an ICB-responsive phenotype. Given the association between MVP expression 

and patient survival in renal cell carcinoma, we obtained published single-cell RNA sequencing 

(scRNA-seq) from patients diagnosed with either papillary renal cell carcinoma or clear cell 

renal cell carcinoma (Bi et al., 2021). We separated cell expression data based on previously 

described cell identities (Bi et al., 2021). Interestingly, malignant cells, tumor associated 

macrophages (TAMs), and dendritic cells (DCs) all expressed the highest levels of MVP in ICB-

naïve patients (Figure 4.1C), aligning with previous findings that high MVP expression is 

critical for monocyte differentiation and DC function (Schroeijers et al., 2002). Furthermore, 



 

MVP expression is significantly upregulated in all three cell subsets upon ICB exposure (Figure 

4.1C). ICB response amongst the patient samples was categorized by RECIST criterion, and 

MVP expression was significantly higher in patients with partial response (PR) relative to those 

with stable disease (SD) or progressive disease (SD) (Figure 4.1D).  These data suggest that 

MVP expression is driven by both malignant cell and monocyte-derived cells within the tumor 

microenvironment and is linked with an improved response to ICB therapy. 

 

4.3.2 Murine Mvp modulates immune signaling 

To first explore the intrinsic role of MVP in malignant cells, we used a common murine 

melanoma cell model (B16-F10).  Using pooled gRNAs and transient Cas9 expression, we 

generated a polyclonal B16-F10 line with 50% reduction in MVP protein (MVP-/-, Figure 4.2A). 

To determine how reduced MVP protein abundance would impact transcriptomic response to 

IFNγ, we stimulated MVP-/- cells and cells treated with non-targeting control gRNA with IFNγ 

for 24 hours and performed RNA-seq. At baseline, Mvp-/- cells demonstrated modest global 

transcriptomic dysregulation compared to control cells (Figure 4.2B). Transcriptomic 

differences were accentuated by IFNγ stimulation, leading to significant upregulation of 1.4% of 

mRNA transcripts and significant downregulation of 0.91% of mRNA transcripts (Figure 4.2C). 

Among the gene set pathways most differentially upregulated in MVP-/- B16-F10 cells were 

TNFa signaling via NFkB, p53 pathway, and both type I and type II IFN responses (Figure 

4.2D). We next plotted differentially expressed IFNγ-stimulated genes (ISGs) between MVP-/- 

and control cells (Figure 4.2E). This confirmed Mvp as a differentially expressed ISG, with 

reduced expression in MVP-/- cells upon IFNγ stimulation when compared to IFNγ stimulated 

control cells. In addition, there is widespread upregulation of ISGs in B16-F10 Mvp-/- cells, with 



 

a select number of ISGs significantly downregulated (Figure 4.2E). These data suggest a 

potential role of MVP in modulating the immune response to IFNγ.  

 

4.3.3 Genetic depletion of Mvp results in tumor proliferation and reduced survival 

Given MVP’s role in immune recognition and because MVP expression in TAM and DC 

significantly correlates with improved patient survival, we next questioned a potential causative 

role MVP might play in modulated anti-tumor immune response. We generated an Mvp knockout 

(Mvp-/-) mouse to address MVP’s role in murine immune response to cancer. Using pgRNAs 

targeting Mvp coding exon 4, we generated a knockout allele with limited genomic alteration 

(Supplementary Figure 1A). DNA editing at both pgRNAs introduced two single nucleotide 

insertions, with the insertion in exon 4 predicted to introduce a premature termination codon and 

target the transcript for degradation via NMD (Supplementary Fig. 1B). We validated total loss 

of MVP protein in Mvp-/- mice and backcrossed the model at least four generations to C57BL/6 

to reduce the impact of any off-target genomic editing (Supplementary Figure 1C). 

We next sought to determine whether melanoma tumors engrafted in Mvp-/- mice had a 

tumorigenic advantage, using B16-F10 cells engineered to express the model antigen ovalbumin 

(OVA) to increase B16-F10 immunogenicity (Supplementary Figure 2A).  

Following tumor engraftment, we initiated dual ICB treatment with both anti-PD-1 and anti-

CTLA-4 antibodies (Figure 4.3A) and noted a significant reduction in tumor burden in both 

control and MVP-/- mice treated with ICB (p = 6.9e-4 and p = 8.9e-5, respectively; Figure 4.3B). 

Interestingly, the tumors engrafted in MVP-/- mice and treated with control antibodies tended to 

be larger than those engrafted in control mice (p = 0.079, Figure 4.3B). Most strikingly, there 

was a significant reduction in survival for Mvp-/- mice harboring B16-F10-OVA tumors when 



 

compared to control mice (p = 0.0027, Figure 4.3C). These data suggest that while MVP may 

not alter ICB responsiveness in this melanoma model, host-expressed MVP is protective against 

melanoma growth and is correlated with improved survival. 

 

4.4 DISCUSSION 

We have demonstrated preliminary evidence in both human and mouse contexts that MVP is 

likely important for anti-tumor immunity. There is much more work to be done to fully 

characterize MVP’s tumor cell-intrinsic and immune cell-intrinsic roles. 

To begin, we have shown correlative evidence from human renal cell carcinoma and 

melanoma cohorts, but we have only begun work in murine melanoma model. It will be essential 

to also use a relevant renal cell carcinoma model, especially given differences in population and 

density of immune infiltration in the TME of both melanoma (Erdag et al., 2012) and renal cell 

carcinoma (Becht et al., 2016). The genetic background, cell type, and tumor context 

undoubtedly influence MVP’s context-specific role and warrant appropriate modeling. 

In the context of melanoma treated with anti-CTLA-4 therapy, the IFNγ response 

pathway within tumor cells is critical to ICB response, and knockdown of genes within this 

response pathway reduces survival (Gao et al., 2016). We have demonstrated MVP plays a role 

in modulating the IFNγ response, largely by negatively regulating the expression of ISGs in B16-

F10 (Figure 4.2E). Mechanistic work to characterize how MVP protein interacts with IFNγ 

pathway components will enlighten this regulatory role. Additionally, using MVP-/- cells to study 

clinical response markers like major histocompatibility complex (MHC) presentation or antigen 

presentation could help to characterize how MVP enhances ICB therapy effectiveness. 



 

When considering the role of MVP in immune cell response to ICB therapy, it will be 

critical to use scRNAseq approaches to define cell types and cell states of interest. While we 

have shown preliminary evidence that TAMs upregulate MVP in response to an interferon-rich 

microenvironment in ICB-exposed tumors, there is notable TAM diversity in renal cell 

carcinoma (Chevrier et al., 2017) that we have not yet addressed with publicly available 

scRNAseq data. It will be important to determine if specific TAM identities or additional 

markers are correlated with MVP expression. Furthermore, we are actively interested in defining 

the TME of melanoma cells engrafted in MVP-deficient mice through scRNAseq. It is attractive 

to speculate that MVP loss in TAM and DC prevents proper antigen presentation or anti-tumor 

immune response. Lastly, it is possible and intriguing to consider that MVP may play a role in 

ICB response in both the tumor and host compartments—as has been demonstrated of PD-L1 

expression in murine colon adenocarcinoma models (Lau et al., 2017).  

 
 
 
  



 

4.5 FIGURES 

 
Figure 4.1 MVP expression status is associated with improved survival and ICB response in 

renal cell carcinoma and metastatic melanoma. 

A, Kaplan-Meier (KM) estimate of overall survival (solid lines) for patients with papillary renal 
cell carcinoma stratified by MVP expression status (95% confidence interval, log-rank test). 
B, KM estimate of overall survival for patients with ICB-treated metastatic melanoma from two 
separate datasets, stratified by MVP expression status (95% confidence interval, log-rank test). 
C, Violin and boxplots comparing MVP expression distributions between all malignant cells, 
tumor associated macrophages, and dendritic cells from ICB-naïve and ICB-exposed patients. 
Significance of differential expression was determined by two-sided Wilcoxon rank-sum test. 
Boxplot represents median expression (centerline), upper and lower quartiles, and whiskers 
extend to the largest value no further than 1.5 * IQR. 
D, as in C, but comparing cells from ICB PR versus ICB SD/PD patients. P-values computed 
using two-sided Wilcoxon rank-sum test. 
 



 

 
 

Figure 4.2. MVP modulates gene expression and response to Type II Interferon. 

A, Representative Western blot of MVP signal in B16-F10 control cells (B16-F10 MVP+/+) and 
B16-F10 MVP knockout (MVP-/-) cells treated with Interferon gamma (IFNγ). MVP signal is 
normalized to alpha-tubulin signal. 
B-C, Scatterplots of differentially expressed transcripts from B16-F10 control and B16-F10 
MVP-/- cells. Red and blue points represent transcripts with significantly increased and decreased 
expression in the MVP-/- cells, respectively. Cells are untreated (A) or stimulated with IFNγ (B). 
D, Data forthcoming. 
E, IFNγ response gene expression in B16-F10 control or B16-F10 MVP-/- cells.  
 



 

 
Figure 4.3. Host MVP is tumor-suppressive and correlates with improved survival. 

A-C, B16-F10-Ova tumors engrafted in Mvp knockout (Mvp-/-) or Mvp wild-type (Mvp+/+) mice 
treated with dual therapy (anti-PD-1 and anti-CTLA-4) or isotype control. n = 10 animals, 20 
tumors, per group. A, Tumor growth and immune-checkpoint blockade (ICB) treatment, data are 
mean +/- SEM. B, Tumor volume at day 15 post-engraftment, one-sided Student’s T-test. C, 
Survival data from the same cohort, Log-rank test. 
 



 

 
 

Figure 4.4. Supplementary Figure 1. Generation of Mvp-/- mouse. 

A, Paired guide RNAs (pgRNAs, arrows) were designed to disrupt exon 4 (purple box) of Mvp. 
B, Sanger sequencing trace of 1 bp insertion in intron 3 and 1 bp insertion (red highlights) in 
exon 4 (purple box), including pgRNA-targeted sequences (arrows). 
C,  Representative Western blot of MVP signal from wild-type (Mvp+/+), heterozygous (Mvp+/-) 
and homozygous (Mvp-/-) mouse liver lysate. n = 1 animal per genotype, run in technical 
triplicate. 
  



 

 
Figure 4.5. Supplementary Figure 2. Generation of Ova-expressing CRISPR-edited B16-F10 

cells. 

A, Representative Western blot of CRISPR-edited control or Mvp knockout (Mvp-/-) B16-F10 
cells stably transduced with pLVX-puro-cOVA to express ovalbumin. Cells were stimulated by 
IFNγ and poly(I:C) to induce Mvp expression. 
 

  



 

4.6 MATERIALS AND METHODS 

Generation of CRISPR-edited and OVA expressing tumor cell lines 
 

gRNAs were generated by duplexing tracrRNA with either pre-designed crRNAs targeting two 

Mvp coding exons or pre-designed crRNAs targeting two non-coding regions (Supplementary 

Table 4.2; Integrated DNA Technologies, Alt-R system). The duplexed gRNA was combined 

with Cas9 endonuclease (ThermoFisher, A36499) prior to transfection of 5x105 B16-F10 cells 

(Lonza, Nucleofector Kit V). B16-F10 editing was later validated using T7 digestion (New 

England Biolabs, E3321) and Western blotting. 

 

To generate Ova-expressing lentivirus, 1x106 HEK293T cells were transfected with 1.2 ug of 

pLVX-puro-cOVA (Addgene plasmid #135073) and 1:2 ratio of psPAX2 (Addgene plasmid 

#12260) and pMD2.G (Addgene plasmid #12259) to generate lentiviral particles. Lentiviral 

media was collected 48 hours post-transfection and filtered using a 0.45 uM PES filter. 1x105 

CRISPR-edited B16-F10 cells were transduced with 250 uL of lentivirus and were selected with 

puromycin (1.5 ug/mL) for 7 days. 

 

B16-F10 stimulation was performed with 50 ug/mL poly(I:C) (InvivoGen) and or 10 ng/mL 

IFNγ (Cell Signaling Technology, 39127).  

 
Western blotting 
 

Total protein lysates were prepared in RIPA buffer (Cell Signaling) with 1mM Pefabloc (Sigma-

Aldrich) and quantified using the Pierce 660 nm Protein Assay Reagent (ThermoFisher). Protein 

lysates were electrophoretically separated and transferred to nitrocellulose membrane using 

NuPAGE systems (ThermoFisher). Membranes were blocked with Odyssey Blocking Buffer 



 

(LI-COR Biosciences) for one hour at room temperature. Primary antibody incubation was 

performed overnight at 4°C in Intercept Antibody Diluent (LI-COR Biosciences), with MVP 

(ThermoFisher 16478-1-AP, 1:1000) and alpha-tubulin (Sigma-Aldrich T6199, 1:1000) primary 

antibodies. IRDye (LI-COR Biosciences) secondary antibodies were used for detection and 

imaging using the Odyssey CLx Imager (LI-COR Biosciences). Protein blot analysis and 

quantification was performed using FIJI/ImageJ. 

 
RNA preparation and RNA-sequencing 
 

B16-F10 RNA was extracted using Direct-zol RNA MiniPrep kit (Zymo Research), according to 

the manufacturer’s instructions. For tissue RNA extractions, tissue was homogenized in TRIzol 

reagent with zirconium beads prior to RNA extraction, using the Zymo Direct-zol RNA 

Miniprep kit. A minimum of 500 ng of high-quality RNA was used as input for library 

preparation. Poly(A)-selected unstranded libraries were prepared using a TruSeq protocol and 

sequenced using an Illumina sequencer to obtain 100 bp paired-end reads. 

 

RNA-seq reads were processed as previously described (Dvinge et al., 2014). In brief, FASTQ 

files were trimmed to remove sequencing adapters and then aligned to the hg19/GRCh37 

reference assembly. This assembly was created by merging the UCSC knownGene gene 

annotation (Meyer et al., 2012), Ensembl gene annotation (Flicek et al., 2012), and MISO 

isoform annotation (Katz et al., 2010). Read alignment and expression estimates were generated 

with RSEM (RNA-seq by expectation maximization; Li & Dewey, 2011), Bowtie (Langmead et 

al., 2009), and TopHat (Trapnell et al., 2009), and isoform ratios were quantified with MISO 

v.2.0 (Katz et al., 2010).  

 



 

All analyses and visualization were performed in the R programming environment, with tools 

from Bioconductor and dplyr, clusterProfiler, ggplot2, tidyverse packages. 

 
Mouse model generation and genotyping 
 

All deletion alleles were generated by CRISPR/Cas9-mediated genome editing with paired guide 

RNAs (pgRNAs), as previously described (Singh et al., 2015; Thomas et al., 2020). High-quality 

pgRNA seed sequences (Supplementary Table 4.2) were selected using the Benchling guide 

design tool, confirmed by GuideScan, and analyzed for specificity using CasOffinder. pgRNAs 

were produced through cloning-free in vitro transcription as previously described (Varshney et 

al., 2015) using the MEGAshortscript T7 Transcription Kit (Life Technologies). Products were 

purified using the MEGAclear Transcription Clean-up Kit (Life Technologies). Cas9 mRNA (50 

ng/µL) and pgRNA (25 ng/µL) were microinjected into single-cell zygotes derived from B6(Cg)-

Tyrc-2J/J inbred mice (JAX strain #000664). Microinjected embryos were transplanted into 

pseudopregnant CD-1 recipients. Founder animals were genotyped using ear punch tissue with 

primers that flanked the expected deletion loci by 100 to 200 bases (Supplementary Table 4.1). 

The resulting amplicons were further characterized by Sanger sequencing and Amplicon-EZ 

Next-Generation Sequencing (Azenta Life Sciences). All founder animals were backcrossed to 

C57BL/6 breeders (JAX strain #000664) for at least four generations.  

To genotype founder mice and subsequent generations, ear tissue was collected when the 

mice were two weeks old and digested in Lysis M Buffer (Macherey-Nagel) and Proteinase K 

(Qiagen) for five minutes at room temperature. This was followed by standard PCR using 

appropriate primers and gel electrophoresis (Supplementary Table 4.1). PCR products were 

subsequently Sanger sequenced when alleles were indistinguishable through gel electrophoresis 



 

(Supplementary Table 4.1). After the establishment of the backcrossed line, genotyping was 

performed using quantitative genomic PCR (Transnetyx). 

 
In vivo engraftment studies 
 

CRISPR-edited B16-F10 cells were grown in standard conditions prior to engraftment. 0.5x106 

cells were injected subcutaneously into each flank of adult female C57BL/6 mice or age-matched 

MVP-/- mice (8-11 weeks), and measured using calipers. Mice were treated with intraperitoneal 

injection of 250 μg anti-PD-1 (BioXCell, clone RMP1-14) and 100 μg anti-CTLA-4 (BioXCell, 

clone 9H10) or 250 μg rat IgG (BioXCell, BE0089) and 100 μg hamster IgG (BioXCell, 

BE0087) on days 6, 9, 12, and 15 post-engraftment. Researchers were blinded to group while 

measuring tumors. Animals were euthanized when a tumor reached 1.5 cm in any dimension in 

accordance with IACUC guidelines, and no tumors exceeded this threshold in any dimension. 

Tumor volume was estimated with the formula width2 x length. Tumor material was either fixed 

in 10% formalin for 48 hours for histology studies, homogenized in TRIzol reagent 

(ThermoFisher 15596018) for subsequent RNA isolation, of fixed in paraformaldehyde for future 

scRNA-seq experimentation (10X Genomics, PN-1000414). 

 
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. Seven to eleven-week-old C57BL/6 female mice 

were obtained from the Jackson Laboratory or bred at Fred Hutchinson Cancer Center for all 

animal experiments listed here.  

 

https://www.thermofisher.com/order/catalog/product/15596018


 

4.7 TABLES 

Table 4.1. Primers used for Sanger sequencing and gDNA PCR. 

primer_F_id primer_F_seq primer_R_id primer_R_seq use 

MVP_5F GCATCAGCTGTCTCCTCCTC MVP_5R AGTTCTTCAGACCTGGTGGC 

mouse Mvp PCR 
genotyping, Sanger 
sequencing 

 
Table 4.2. Sequences of guide RNAs used in model generation and gene knockout 

gene target species grna1 
grna1 
PAM grna2 

grna2 
PAM 

Mvp exon 4 mouse CCAAGTATCAGGTTTGAGCT NGG CGCTGCAGGTGGTTCTGCCC NGG 

Mvp exon 2 mouse ACCAAAGACCTACATCCGGC NGG NA NA 

Mvp exon 3 mouse GTTCGCATGGTGACGGTCCC NGG NA NA 
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