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TUMOR SUPPRESSION BY A TRNA SYNTHETASE
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Despite substantial progress in treatment, breast cancer remains a leading cause of cancer
mortality among women. During malignant transformation, healthy mammary cells must bypass
tumor suppressive checkpoints and activate pro-growth pathways. Enhanced protein translation
is one such hallmark of tumor transformation and cancer progression; many oncogenes promote

translation by driving synthesis and activity of translational machinery.

In the first part of this thesis, we report the surprising finding that leucyl-tRNA synthetase
(LARS), a tRNA synthetase responsible for ligating leucine to corresponding leucyl-tRNAs,
becomes strongly repressed during mammary cell transformation and in breast cancer.
Monoallelic genetic inactivation of LARS in mouse mammary glands enhanced tumor formation
and proliferation. LARS repression reduced the abundance of specific leucyl-tRNA isoacceptors
tRNA-Leu“S, tRNA-Leu?*S and tRNA-Leu™S. This repression resulted in decreased leucine
codon-dependent translation and expression of key leucine-rich, growth suppressive genes. We
uncovered two candidate tumor suppressor genes, EMP3 and GGTS, that act downstream of
LARS. This work uncovers a tumor suppressive tRNA synthetase and reveals that its repression,
along with its downstream tRNAs, can modulate translation to enhance breast tumorigenesis and

proliferation in a codon-dependent manner.

Modulation of translation by tRNAs and their associated factors can affect not only cancer
transformation, but also normal cell physiology. In the second half of this thesis, we describe

work on mammary epithelial cells which, in the context of oxidative stress, exhibited a stress-



induced tRNA fragmentation response. Though tRNA fragmentation is classically not thought to
occur at high enough levels to deplete mature tRNA pools, we demonstrated that tyrosyl-tRNA
fragmentation depleted mature tRNA-TyrSV following 24 hours of oxidative stress. tRNA-
TyrSUA depletion was sufficient to reduce translation and expression of growth-promoting,
tyrosine-enriched transcripts in a codon-dependent manner, contributing to the restriction of cell
growth in response to stress. We further demonstrated that the tRNA fragment, tRF-TyrSVA, was
generated in a DIS3L2 exoribonuclease-dependent manner and acted in frans with RNA binding
proteins, including HNRNPAT, to inhibit HNRNPA 1-mediated transcript destabilization. These
findings uncover and characterize a second adaptive, codon-based regulatory response that can

contribute to cellular stress responses in physiology and disease.
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CHAPTER 1. Introduction

1.1 Breast cancer: a consistent leading cause of cancer mortality

1.1.1 Cellular changes facilitating breast tumorigenesis

Despite advances in therapeutics, breast cancer remains a leading cause of cancer mortality
among US women; in 2020, breast cancer was the second most common cause of cancer-related
deaths!. Its high incidence and continued mortality rate highlight a need for study of mammary
transformation and the genetic changes that preclude it. Studies of this kind remain crucial, as
they lay the foundation for novel therapeutic strategies to prevent and treat breast cancer.

To initiate and progress to malignancy, healthy cells typically undergo a myriad of cellular
changes to both evade physiologic anti-tumor barriers and promote growth through enhanced
metabolism, nutrient uptake, and overall cellular fitness. At minimum, successful transformation
typically involves induction of one or several pro-growth oncogenes, as well as inhibition of
growth-inhibitory tumor suppressor genes such as p532~*. A third critical step involves
reactivation of telomerase, to avoid replicative senescence due to over-shortening of DNA

strands during replication®. This combination of changes enables replicative immortality.

Oncogenes and tumor suppressor genes can exert their respective pro- and anti-tumor effects
through a variety of pathways and mechanisms. These include pathways related to cellular
metabolism, nutrient uptake, interaction with the tumor microenvironment and immune system,

cell death resistance, and induction of angiogenesis®.



1.1.2 Evolution of experimental breast cancer modeling: from 2-dimensional culture to
genetic mouse models
During malignant transformation, healthy cells must overcome a myriad of physiological
barriers, in the realms of bypassing anti-tumor checkpoints and gain of functions that improve
growth opportunities and survival under stress conditions. Many models exist that facilitate study
of such tumor suppressor genes and oncogenes. In principle, study of these processes can simply
and rapidly be conducted in vitro using immortalized, transformed cancer cell lines, and a variety
of cancer cell lines and in vitro assays have been developed and optimized to this end. Classical
cancer biology experiments include transformation experiments, in which immortalized
mammary epithelial cell lines were infected with oncogenes and rendered p53-null, to facilitate
transformation®®. Transformation competence could be assessed by colony formation in 2-
dimensions on low-attachment plates or in soft agar, and allowed for identification of signaling
pathways that enhanced mammary transformation downstream of induced oncogenes’™. A major
limitation of these approaches, however, is the inability of 2-dimensional cell culture in liquid
media to mimic the physiologic tumor microenvironment in which cells must transform and

progress in a human host.

More recent advances in 3-dimensional organoid cell culture approaches overcome some of these

limitations!'%-13

. In principle, organoids are cultured in 3-dimensional Matrigel domes with
supplemental growth factors, allowing for more physiologic structures to form in culture. This
approach has shown promise in propagating and studying not only primary human tissue

structures' 1415 but also in patient and mouse-derived tumor samples!é-2°. Three-dimensional

culture offers many advantages in breast cancer, including the opportunity for formation of more



physiologic ductal structures from cell clusters, as well as for three-dimensional co-culture
experiments and visualization of the interaction of cancer cells with other factors and cell types

in the microenvironment.

Still, the gold standard for tumor modeling warrants in vivo animal studies. Typically conducted
in mice, these often complementary experiments fall into three main categories; xenograft,
syngeneic and genetically initiated tumor models?!. Xenograft experiments involve
transplantation of human cancer cells into immune-compromised mice to monitor in vivo growth
and progression. An immune compromised animal is required to avoid haplotype rejection of
human cells on the basis of HLA mismatch. While useful in modeling human cancer in vivo,
these studies are limited in their ability to dissect the role of immune evasion and the tumor
immune microenvironment in cancer cell growth and progression. For this reason, xenograft
studies are often conducted in parallel with syngeneic transplantation experiments. In a
syngeneic experiment, murine-derived tumor cells are transplanted into mice of the same genetic
background as the original host, to avoid HLA mismatch and immune rejection of the transplant.
Another limitation of all transplantable in vivo tumor modeling is the steps of oncogenic
progression that can be monitored; though transplantation of cancer cell lines into an animal —
particularly orthotopic studies, with cellular transplant in the organ of origin - easily facilitates
studies of gene manipulation on tumor growth, invasive potential, and other downstream factors
related to cellular metastatic fitness, it is comparatively difficult to study tumor initiation or
transformation in this context. For this purpose, genetically initiated mouse models of cancer
exist, where mice harbor a transgene that will spontaneously or inducibly result in formation of

primary tumors*?-2>. These models, though more time-consuming than transplantable studies,



easily facilitate study of tumor formation and progression from inception, and are thus a critical

tool in the examination of transformation.

In breast cancer, the most commonly used genetically initiated model for breast cancer is the
MMTV-PyMT model?*, driven by the polyomavirus middle-T antigen, facilitating tumor
initiation at up to 10 distinct mammary fat pads as early as 12 weeks of age in C57/BL6 mice.
Spontaneous lung metastases form from these tumors at up to 24 weeks in age, enabling study of
gene deletion on tumor initiation, growth and metastatic potential within the same experiment.
Therefore, these models can offer powerful evidence of gene manipulation in cancer

transformation and progression.

1.2 Protein translation is a coordinately (dys)regulated process in cancer transformation
The role of protein translation in cellular transformation and oncogenic progression has been

extensively explored?®-2%. In general, enhanced translation is found to be positively correlated
with cellular oncogenic potential. Enhanced global translation in tumorigenesis occurs through a
few mechanisms: enhancement of signaling pathways such as mTOR to upregulate global

translation?®3!

, direct phosphorylation and activation of translation machinery components
directly to bypass control checkpoints, such as e[F4A32, eIF4E phosphorylation®, and direct
mutation or alteration in ribosomal component availability**. Though processes targeting

initiation have been closely studied, some groups have also implicated translation elongation as a

crucial regulatory step in transformation??.

Intriguingly, modulation of translation can also occur through alteration of available resources

for the process, such as tRNAs*¢37. Notably, Gingold et al. found that differential tRNA



availability facilitated a proliferative program compared to a differentiation program within cells,
based on codon usage across genes*®. This work further suggests that tRNAs can coordinately
regulate specific translation programs. By extension, translation may also be uniquely controlled
by a variety of other physiologic factors that directly affect available tRNA pools, including
regulation of tRNA charging and amino acid availability*®*!. In some notable examples, Gobet
et al. correlate ribosome dwell times with availability of charged tRNA and overall codon usage
within the genome, demonstrating that increased dwell time can be either explained by high
levels of codon usage throughout the genome or reduction in charging of the cognate tRNAs?®.
Pavlova et al. demonstrate that nutrient stress results in specific reductions in charged glutamyl-
tRNAs, consequently reducing translation of poly-glutamine tract-containing proteins*’.
Similarly, Darnell et al. demonstrate that arginine depletion reduces charged arginyl-tRNA,
resulting in increased ribosome pausing and premature termination events*?. Loayza-Puch et al.
use differential ribosome codon reading (DIRICORE) to assess potential nutrient limitation,
uncovering proline and asparagine availability differences in cancers that may affect
progression®’. Lastly, Knott et al. find that modulation of asparagine availability via asparagine
synthetase (ASNS) can directly affect cancer metastasis*!. Taken together, these studies imply
that regulation of availability of translation-adjacent elements can itself modulate translation,

particularly in the context of cancer.

1.3 Aminoacyl tRNA synthetases (aaRS) play adaptive roles in translation and disease
Aminoacyl tRNA synthetases, (aaRS) are the class of molecules responsible for ligating amino

acids to all corresponding isoacceptor transfer RNAs (tRNAs), in a “charging” reaction (Figure

1.1).



protein translation
Figure 1.1. Aminoacyl tRNA Synthetases ‘“‘charge” tRNAs with amino acids
A schematic depicting tRNA charging by aminoacyl tRNA synthetases (aaRS). aaRS ligate
individual amino acids to all corresponding isoacceptor tRNAs, making them available to
participate in protein translation.
tRNA synthetases are amino-acid specific, and aptly named using the corresponding single-
letter amino acid abbreviation followed by ARS: for example, leucyl-tRNA synthetase which
ligates leucine to 5 isoacceptor tRNA-Leu species, is abbreviated LARS. Unsurprisingly, tRNA
synthetases are highly conserved and specific for the tRNAs and amino acids they recognize,
with some containing proofreading mechanisms for mischarged tRNAs as an additional

4344 aaRS use two main mechanisms to aminoacylate tRNAs. The first

regulatory step
mechanism, utilized by Class I synthetases, involves a five-stranded 3-sheet connected by a-
helices, and contains highly conserved HIGH and KMSKS catalytic motifs. The second,
employed by Group II synthetases, makes use of a series of a seven-stranded [-sheet flanked
by a-helices, with three less-conserved catalytic motifs*>*6. Many cytoplasmic aaRS have been
shown to associate with the multi-synthetase complex (MSC), a cytoplasmic structure that

groups several synthetases together. Recent structural reports have demonstrated the MSC to be a

compact structure, grouping aaRS with anticodon recognition domains clustered on one side,



presumably to facilitate delivery of charged tRNAs for protein translation*’, though the function

of this complex requires further exploration.

While their function in aminoacylation is critical to maintain charged tRNA pools for protein
translation, several aaRS have also been found to have non-canonical physiologic functions

unrelated to their catalytic activity within cells**-°

. One notable example is WARS, which can
be alternatively spliced to produced N-terminal fragments that inhibit angiogenesis through VE-

cadherin®!. LARS has additionally been implicated as an intracellular leucine sensor in activation

of mTOR, signaling for cell autophagy>2.

Unsurprisingly, dysregulation of tRNA synthetases can have significant physiologic
consequences by affecting either canonical or noncanonical functions, a subject that has been
reviewed extensively>>>4. The most notable example is mutations of GARS that have been found
in Charcot Marie Tooth disease, a common inherited form of intellectual disability>®. Mutations
in the editing domain of AARS have also been demonstrated to contribute to
neurodegeneration®® Of relevance to this work, we examine dysregulation of aaRS particularly
in the context of cancer. Several tRNA synthetases have been implicated as oncogenes, where
overexpression or gain-of-function mutations in these enzymes enhance cellular transformation
potential and oncogenic fitness. MARS has been implicated as a biomarker for lung cancer
metastasis®’, while YARS expression has been shown to promote gastric cancer progression®®.
Noncanonical functions of LARS in activating the mTOR pathway have led to speculation about
its role as an oncogene in lung cancer>. Intriguingly, these molecules exert pro-tumorigenic

effects through both canonical aminoacylation function and noncanonical functions unique to



each enzyme. The extent of pro-tumorigenic literature for various tRNA synthetases makes it
even more surprising to uncover a unique tumor-suppressive program for this enzyme, as we

describe in this thesis.

1.4 tRNAs: canonical and noncanonical roles in maintaining cellular homeostasis

1.4.1 Biogenesis and canonical activity of tRNAs

Having described a substantial role for translation and aaRS in cancer and disease, the natural
corollary is to examine the role of tRNAs themselves in maintaining cellular physiology and
promoting pathology. Briefly, tRNA biogenesis has been well characterized; prior to
aminoacylation, pre-tRNAs are transcribed by RNA polymerase I1I, and then undergo a series of
processing steps including intron splicing, cleavage of 5’ leader and 3’ trailer sequences, addition
of a terminal 3’CCA tail, and, folding into the mature coordinated L-shaped tertiary structure,
and addition, on average, of 13 post-translational modifications®*-%2, These mature tRNAs are
further aminoacylated by the requisite aaRS as previously described, and become available for
protein translation. Redundancy in the genetic code has been well described; the 47 mature
human tRNAs bring 20 amino acids to ribosomes for protein translation, with tRNA
‘isoacceptors’ carrying the same amino acid to 61 distinct codons within mRNA transcripts®*64,
The discrepancy in mature tRNAs to codons is accounted for by ‘wobble’ base pairing, in which
the third position of a codon-anticodon pair can be mismatched; most commonly, a C in the third

codon position can be recognized by an inosine-modified A on the tRNA anticodon, increasing

redundancy®.



A few reports have described changes in mature tRNA availability that impact breast cancer;
Pavon-Eternod et al. describe overexpression of tRNA-iMet to enhance breast cancer, while
Goodarzi et al. demonstrate pro-metastatic function of both tRNA-Arg®“S and tRNA-GluVY¢ in

breast cancer®®-67

. In both of these reports, tRNA abundance changes were sufficient to increase
translation and expression of proteins enriched in the respective codons. Natural tRNA
abundance differences, for example between isoacceptors for the same amino acid, can also alter
cellular physiology or cell types or states, through induction of diverging cellular programs as

previously described® or by affecting stability of mRNAs through use of ‘rare’ codons for which

tRNA abundance is thought to be lower®®,

1.4.2 Accurate tRNA Quantification: Trials and Tribulations
Accurate absolute quantification of tRNA species has proved challenging for the field. tRNA

species have highly conserved secondary and tertiary structures, and many contain numerous
nucleotide modifications. Both of these attributes result in inefficient capture, ligation, and
readthrough of tRNA transcripts by traditional reverse transcriptases (RTs), making standard
high-throughput sequencing methods unreliable for quantification. To combat these limitations,
several strategies have been tested. The first general approach is to remove structural RT blocks
using fragmentation approaches to facilitate sequencing, for example in Hydro-tRNAseq®.
Second, modification removal can be conducted to facilitate ligation-capture and RT
readthrough, for example in AlkB-facilitated RNA methylation sequencing (ARM-Seq) and DM-
tRNAseq’®"!, and T4-PNK-mediated 3’ cyclic phosphate removal and 5 phosphorylation to
facilitate adaptor capture and ligation’>"3. These approaches improve capture and readthrough of
some transcripts; however, they bias sequencing detection and recovery towards the fraction of

tRNA species with fewer modifications or with modifications that can most easily be removed



by the respective approaches. A third strategy involves improving efficiency of tRNA capture
during adapter ligation using more specific adapters: most recently, a Y-shaped RNA-DNA
adapter that can efficiently capture 3” and 5° ends of tRNA species (YAMAT-seq)’4, or a two-
step ligation reaction that can capture mature sequences as well as truncated RT products’>6. A
fourth approach involves improving the fidelity and processivity of the RT enzyme used for
library generation. The most ubiquitous of these enzymes is a thermostable template-switching
RT, in thermostable template-switching group II intron RT sequencing (TGIRT-seq, DM-
tRNAseq)’!7"-78, A recent report combined many of the above approaches, optimized salt and
temperature conditions to improve TGIRT enzyme readthrough, as well as improved
bioinformatic mapping pipelines to improve the reliability of tRNA mapping®. Still, potential
limitations remain in terms of biased recovery of tRNA species, impeding accurate

quantification.

As an alternative, hybridization-based tRNA capture approaches have been proposed which
circumvent the need for reverse transcription entirely. In these methods, a microarray or library
of tRNA-specific DNA probes are hybridized to small RNAs, and RNA-DNA hybrids are further
isolated and the DNA products sequenced®®8?. These hybridization approaches allow for accurate
isolation and quantification of all hybridized species; further, the requirement for an RNA-DNA
hybrid in downstream processing steps further reduces the signal-to-noise ratio in DNA probe
quantification®®. Sequencing alignment of probes to a probe-specific library facilitates relative
quantification of tRNA species between different groups of interest, in the absence of reliable

absolute quantification.

10



Taken one step further, several sequencing approaches have attempted to additionally quantify
information regarding the aminoacylation status of tRNA species. This information provides
valuable insight into the true availability of tRNA pools for participation in protein translation.
The most common approach to isolate and maintain charged tRNA populations involves
isolation of RNA under acidic conditions (pH < 4.8) to prevent spontaneous deacylation of
aminoacyl-tRNA bonds, and employs sodium periodate (NalO4) oxidation, which converts the
free 3’-OH on uncharged tRNA species to a ketone. This modification leaves only aminoacylated
tRNAs, which lack a free 3’-OH, for downstream approaches involving deacylation and free 3°-

82,83

OH capture by sequencing adapters®!, microarray®>33 or 3’ biotinylation?®.

1.4.3 tRNA fragmentation
In response to cellular stresses or starvation, tRNAs can be cleaved, generating tRNA fragments

(tRFs). Stress-induced tRNA fragmentation was first described in 7.thermophila following
nutrient starvation®*, and has since been observed across multiple species including yeast and
mammalian cells, in response to multiple stresses including hypoxia, UV irradiation, and heat®>-
87, Ribonucleases (RNases) are responsible for cleavage and generation of tRFs, the most
commonly characterized is angiogenin (ANG), which cleaves tRNAs at the anticodon loop to
generate 5° and 3’ tRNA halves®. However, stress-induced tRNA cleavage has also been

described at other sites within tRNAs, including at the D loop®%°.

11
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Figure 1.2. Potential sites of tRNA cleavage to generate tRNA fragments (tRFs)

A schematic depicting characterized tRNA fragmentation locations. Angiogenin has been shown
to cleave tRNAs at the anticodon loop to generate tRNA halves, while other tRFs are generated
through cleavage at the D loop®.

The functionality of various tRNA fragments is also a topic of interest. Fragments have been
shown to bind RNA binding proteins®®, mitigate cellular stress responses® and even affect
ribosome biogenesis’! and translation initiation®. Classically, tRNA fragments are not thought to
deplete mature tRNA pools, though a handful of studies have begun to challenge that notion; a
recent report implicated SLFN11-dependent tRNA-Leu™4 fragmentation in cellular sensitization

TAA_rich DNA damage sensing genes

to DNA damage, through reduced expression of key Leu
ATM and ATR?. In this thesis, we describe a second phenomenon in which stress-induced

tRNA cleavage is sufficient to reduce mature tyrosyl-tRNA species and affect gene expression

programs, altering cell growth®.

1.5 Thesis aims
The overarching goal of this thesis is to further characterize the adaptive roles of tRNAs and

their associated factors in both disease and cellular homeostasis. First, we focus on the broad
role of tRNA-Leu species and their associated leucyl-tRNA synthetase (LARS) in suppressing

breast cancer transformation and growth (Chapter 2). Next, we focus on tRNA-Tyr and its

12



adaptive role in translation modulation downstream of oxidative stress-induced fragmentation,
which we show to repress tyrosine-rich protein translation and cell growth. (Chapter 3). These
complementary studies offer broader insights into the dynamic roles of tRNA in adaptive

signaling, translation, maintenance of cellular homeostasis and mitigation of disease phenotypes.
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CHAPTER 2. Leucyl-tRNA synthetase is a tumor suppressor in breast cancer and enables
tumor suppressive translation

2.1 Rationale

Among the many hallmarks of cancer, protein translation is classically thought to be an
upregulated cellular process in transformation. Surprisingly, we identified a novel tumor
suppressor role for a tRNA synthetase, LARS, that plays a positive role in protein translation but
is downregulated during breast malignant transformation. In this chapter, we characterize a novel
tumor suppressive role for this gene in enacting a tumor suppressive translation program in

breast cancer.

2.2 Leucyl-tRNA synthetase (LARS) is downregulated during malignant transformation
To identify candidate tRNA synthetases that may play a role in breast tumourigenesis, we

assessed the expression levels of all tRNA synthetases in human breast cancers relative to normal
breast tissue samples in The Cancer Genome Atlas (TCGA). Surprisingly, while 16/20 tRNA
synthetases were overexpressed, LARS, KARS, QARS and DARS were reduced in tumours

relative to normal breast tissues (Fig. 2.1).
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Figure 2.1. Clinical Evidence of LARS reduction upon malignant transformation.
Aminoacyl tRNA synthetase (aaRS) expression levels in the TCGA database in normal breast
tissue samples compared to primary tumor samples. Significant associations by two-tailed KS
test with Bonferroni’s correction indicated below. * = p < 0.05, **** = p<0.001.
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We next performed Real-Time Quantitative Reverse Transcription PCR (qQRT-PCR) for all tRNA
synthetases in the non-transformed human mammary epithelial cell line MCF10A compared to
the estrogen receptor negative (ER-negative) HCC1806 cell line (Fig. 2.2). Of the tRNA
synthetases reduced by greater than 50%, only QARS and LARS were reduced in both human
cell line and TCGA analyses. Of these two tRNA synthetases, we focused our attention on
LARS, which exhibited a greater magnitude of reduction in HCC1806 cancer cells relative to

MCF10A non-transformed cells.

257 .. McF10A

HCC1806 *

‘ ‘ \1 ill ‘\1
I .

& & £ L &£ & & & &£
A%

¥ oL P
Qv?‘ ¥ ¥ ¥ & PAsSIR\ o @Y‘ K\a
Figure 2.2. LARS is reduced in transformed HCC1806 compared to non-transformed
MCF10A cells.
aaRS mRNA levels in non-transformed human mammary epithelial cell line MCF10A (left)
compared to HCC1806 (right), normalized to GAPDH. Pink bars indicate a statistically
significant decrease in aaRS expression between MCF10A and HCC1806 of 50% or greater (p <
0.01, unpaired two-tailed Student’s t-test with Bonferroni correction) (n=4 samples per group).
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To determine if LARS repression occurs during breast tumourigenesis, we transformed
mammary epithelial MCF10A cells and the non-transformed murine mammary epithelial cell
line NMuMG by overexpressing the polyoma middle-T (PyMT) oncogene in the context of p53
inhibition by pifithrin-a (PFT)*. PyMT-transformed MCF10A and NMuMG cells successfully
formed colonies in soft agar compared to control cells, a hallmark of successful malignant

transformation (Figure 2.3a). To further test tumor formation potential in vivo, PyMT-
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transformed NMuMG cells were transplanted into the mammary fat pads of NSG mice and
monitored for tumor formation. PyMT-transformed cells formed tumours as early as 14 days post
transplantation, while control transduced cells did not form tumors, indicating that PyMT

transformation facilitates in vivo mammary tumor formation. (Figure 2.3b).
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Figure 2.3. Transfection with PyMT lentivirus successfully transforms NMuMG and
MCF10A cell lines.

a, Soft agar colony formation assays of PyMT-transformed MCF10A and NMuMG cells
compared to empty-transduced control. Representative of n=3 experiments. b, tumor growth
curves for transplanted PyMT transformed NMuMG cells compared to empty control.

Rk = p <0.0001, 2-way ANOVA (n=4 mice per group).

Following PyMT tranformation, we assessed LARS expression in these cell lines by western

blot. Surprisingly, we observed a significant reduction in LARS protein levels in both NMuMg

and MCFI10A transformed cells compared to empty-transduced controls (Figure 2.4).
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Figure 2.4. LARS is specifically downregulated upon PyMT-mediated transformation.
a,b, Western blot of LARS protein levels in transformed MCF10A (a) and NMuMG (b) cells.
Transformation indicated by PyMT expression, HSC70 is used as a loading control. ¢,d,
Quantification of b. Representative of n=3 independent experiments.

To assess whether other tRNA synthetases were similarly downregulated during transformation,
we assessed protein levels of other tRNA synthetases including isoleucyl, hitidyl and
asparaginyl-tRNA synthetases (IARS, HARS, NARS, respectively). To our surprise, none of
these synthetases were depleted in PyMT transformed cells. (Figure 2.4e-f). These data reveal

that LARS specifically becomes repressed during malignant transformation of mammary

epithelial cells.
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Figure 2.5. PyMT transformation does not repress other tRNA synthetases.

a, Western blot of histidyl, arginyl and isoleucyl tRNA synthetases in PyMT-transformed
MCF10A cells compared to control, HSC70 is used as a loading control. Representative of n=2
independent experiments. Data are mean + s.e.m, n.s. by unpaired two-tailed Student’s t-test. b,
Quantification of a.

Next, we sought to determine the generalizability of LARS depletion in breast cancer. We
assessed LARS expression levels at the RNA and protein level across multiple human and mouse
cell lines. LARS mRNA and protein expression were lower in MDA-MB-231, HCC1806 and
T47D breast cancer cell lines relative to non-transformed MCF10A cells. Similarly, LARS

mRNA and protein levels were reduced in murine breast cancer lines 4T07 and EO771 relative

to non-transformed NMuMG cells (Figure 2.6).
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Figure 2.6. LARS is reduced in cancer cell lines compared to mammary epithelial cell lines.
a, Western blot of LARS protein levels in non-transformed human mammary epithelial cell line
MCF10A, triple negative HCC1806, MDA-MB-231 and T47D cell lines. b, LARS protein levels
in non-transformed murine mammary epithelial line NMuMg, and murine breast tumor lines
4T07 and EO771. HSC70 is used as a loading control. ¢,d, Quantification of a-b, respectively. e,
gRT-PCR of LARS mRNA levels in MCF10A, HCC1806, MDA-MB-231 and T47D cell lines,
normalized to GAPDH. f, LARS mRNA levels in NMuMG, 4T07 and EO771 cell lines,
normalized to GAPDH. Representative of n=3 independent experiments. Data are mean + s.e.m.
*=p<0.05,** =p<001, *** =p <0.001, unpaired two-tailed Student’s t-test.

We also asked whether LARS expression could be further reduced in highly metastatic cells
relative to poorly metastatic cells. To test this, we compared LARS protein expression in two
sets of isogenic cell lines: the human MDA-MB-231 parental cells relative to its highly

metastatic MDA-LM?2 derivative, and the murine 67NR and 4T07 poorly metastatic lines versus
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4T1 highly metastatic line. In both of these cell line pairs, we did not observe further reduction
of LARS expression with metastatic potential. (Figure 2.7). Taken together, these results suggest

that LARS repression may specifically regulate breast cancer formation rather than metastatic

progression.
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Figure 2.7. LARS expression does not correlate with cell line metastatic capacity.

a, western blot of LARS in MDA-MB-231 parental cells compared to highly metastatic LM?2 cell
lines. b, western blot of LARS in NMuMG cell lines compared to isogenic low and high
metastatic cell lines 67NR, 4T07 and 4T1. HSC70 is used as a loading control in both
experiments. ¢,d, Quantification of a-b. Representative of n=3 independent experiments. Data
are mean = s.e.m. * =p <0.05, ** =p <0.01, *** = p <0.001, unpaired two-tailed Student’s t-
test.

2.3 LARS suppresses tumorigenesis and growth in a genetically initiated breast cancer
mouse model

To determine if LARS directly regulates tumourigenesis, we utilized the established MMTV-

PyMT genetically initiated murine model of breast cancer**. PyMT animals expressing MMTV-

driven Cre-recombinase were crossed to animals homozygous for a Lars allele harboring loxP

sites®®, enabling constitutive monoallelic deletion of LARS in the mammary epithelium. Animals

were compared based on MMTV-Cre genotype; as expected, monoallelic deletion in Cre-

positive animals reduced LARS protein levels by ~50% compared to Cre-negative littermates
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(Figure 2.8a). We compared number of initiated tumors at 12 weeks of age between these
groups, a typical tumor initiation time point in the PyMT model**®. Surprisingly, LARS
depletion was sufficient to significantly increase the number of palpable tumors at this time
point. (Figure 2.8b). We also measured primary tumor burden over time and found that LARS

depletion increased tumor burden (Figure 2.8c).
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Figure 2.8. LARS depletion increases tumorigenesis and proliferation in a genetically
initiated mouse model.

a, Western blot of LARS levels in MMTV-Cre-expressing PYMT tumours with monoallelic
LARS deletion compared to Cre-negative animals. Cre expression results in 50% reduction in
protein levels. Representative of n=3 independent blots, each sample is from one mouse. b,
Quantification of a. ** = p <0.001, unpaired two-tailed Student’s t-test. ¢, Number of palpable
initiated tumours per mouse at week 12 in PyMT model with LARS deletion. * = p < 0.05,
unpaired one-tailed Student’s t- test. d, Growth curves depicting overall tumour burden in PyMT
model animals stratified by MMTV-Cre expression. Cre+ n=14, Cre- n=15, **** = p < 0.0001,
2-way ANOVA.
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To further characterize a LARS-mediated tumour growth phenotype, we stained mammary
tumour sections for the proliferation marker Ki67 by immunofluorescence. Consistent with our
tumour growth measurements, Ki67 staining revealed enhanced proliferation in Cre-positive
Lars™* animals compared to Cre-negative littermates (Figure 2.9). To further assess whether
LARS-dependent tumour growth effects observed in vivo were cell autonomous, we derived
heterotypic organoids from PyMT tumours of Cre-positive and Cre-negative Lars”* mice”.
When cultured in Matrigel, Cre-positive Lars”* organoids exhibited significantly increased
growth relative to Cre-negative organoids (Figure 2.9). Taken together, these findings implicate
LARS as a breast cancer tumour suppressor through repression of mammary tumour initiation

and cell-autonomous growth.
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Figure 2.9. LARS depletion increases proliferation in a non-cell autonomous manner.

a, Representative images of Ki67 staining in LARS-depleted PyMT tumours. Scale bar, 100px.
b, quantification of a as mean fluorescence intensity of Ki67 normalized to DAPI. Cre- n=15,
Cre+ n=14, where each data point represents staining from an individual animal. ** = p < 0.01,
two-tailed Mann-Whitney test. ¢, Representative images of PyYMT tumour-derived organoids
cultured in Matrigel. Scale bar, 100 ym. d, Quantification of change in 2D projection of organoid
area, normalized to Day 1. Representative of n=3 independent experiments. * = p < 0.05,
unpaired two-tailed Student’s t-test. All data are mean + s.e.m.

2.4 LARS depletion mediates tumorigenesis through reduction of select charged and total
tRNA-Leu isoacceptors
LARS ligates leucine amino acid to all five tRNA-Leu isoacceptors. We reasoned that LARS-

dependent tumour suppression may occur through altered levels of specific leucyl-tRNAs. To
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test this hypothesis, we adapted our previously reported tRNA capture-sequencing profiling
approach® to allow for relative quantification of charged tRNA species, in charged tRNA
profiling. In brief, we isolated RNA under acidic conditions to preserve aminoacyl-tRNA bonds
and then oxidized uncharged tRNAs with sodium periodate (NalO4)**8! leaving only charged
species available for downstream biotinylation and capture for sequencing as previously

described. In parallel, total tRNA was isolated for comparison (Figure 2.10).
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e quantification by 52
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Figure 2.10. an overview of charged tRNA profiling.

An experimental overview of charged tRNA profiling. In brief, samples are extracted under
acidic conditions, subjected to sodium periodate oxidation of uncharged tRNAs, followed by

deacylation, 3’ end biotinylation and capture, and probe-based hybridization and ligation. Probes
are amplified and quantified by high-throughput sequencing.

Given the previously observed endogenous differences in LARS protein expression, we chose to
perform charged tRNA profiling in transformed HCC1806 cells compared to un-transformed

MCF10A cells. Charged tRNA profiling revealed reduced expression of four out of five leucyl
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tRNA isoacceptors in HCC1806 cells relative to MCF10A cells (Figure 2.11a). Among these
tRNAs, tRNA-Leu®S exhibited the greatest magnitude of reduction. Interestingly, the same
tRNA-Leu species were reduced in total tRNA quantification, with tRNA-Leu®A¢ exhibiting the
greatest reduction (Figure 2.11b). These findings are consistent with the literature, whereby
reduced tRNA charging has been found to lead to tRNA destabilization and degradation,
reducing overall tRNA abundance®®*. As such, northern blot analysis for the most significantly
reduced tRNA-Leu species —tRNA-Leu®S, tRNA-Leu*4S6, and tRNA-Leu™¢—revealed a
reduction in overall expression of these tRNAs in HCC1806 relative to MCF10A cells (Figure

2.11c¢).
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Figure 2.11. tRNA-Leu isoacceptors are reduced in LARS-low cells.

a, Volcano plot showing differential expression of charged tRNAs in HCC1806 cell line
compared to MCF10A (n=3 samples per group). b, Volcano plot showing differential expression
of total tRNAs in HCC1806 cell line compared to MCF10A (n=3 samples per group). ¢,
Northern blot validation of reduction in tRNA-Leu species in HCC1806 compared to MCF10A.
d, quantification of c. Representative of n=3 independent experiments, ** =p < 0.01, **** =p <
0.0001, unpaired one-tailed Student’s t-test. All data are mean + s.e.m.
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As orthogonal validation of LARS-mediated tRNA-Leu depletion, we also assessed total tRNA-
Leu levels in LARS-depleted 4T07 cells (Figure 2.12). tRNA-Leu“A¢, tRNA-Leu”AS, and tRNA-
Leu™¢S were all reduced in 4TO07 cells with 90% reduction in LARS by shRNA, confirming the

findings above.
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Figure 2.12. tRNA-Leu isoacceptors are reduced in LARS-depleted 4T07 cells.

a, Western blot depicting LARS knockdown levels in 4TO7 cells with two independent shRNAs.
Representative of n=3 independent experiments. b, Northern blot validation of reduction in
tRNA-Leu species in LARS-depleted 4T07 cells compared to control. Representative of n=3
independent experiments. ¢, Quantification of b. * = p < 0.05, **** = p < 0.0001, unpaired two-
tailed Student’s t-test. All data are mean + s.e.m.

We next asked whether tumour suppression by LARS may be mediated by specific leucyl
tRNA(s). We employed CRISPRi'® to repress transcription of the most significantly reduced
leucyl tRNA, tRNA-Leu“S, and assessed the impact of this on mammary epithelial cell
transformation. Remarkably, CRISPRi-based depletion of tRNA-Leu“A¢ in MCF10A cells
enhanced PyMT-induced colony formation by soft agar assay (Figure 2.13). These findings

identify tRNA-Leu®S as a mammary tumour suppressor downstream of LARS.
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Figure 2.13. Depletion of tRNA-Leu®¢ increases transformation by colony formation.

a, Northern blot depicting CRISPRi-mediated tRNA-Leu depletion in MCF10A cells.
Representative of n=2 independent experiments. b, Quantification of a. ¢, Representative colony
formation assays of PyMT-transformed, tRNA-Leu®A¢ depleted MCF10A cells. d, Quantification
of ¢. Representative of n=3 independent experiments. ** = p <0.01, *** =p <0.001, **** =p <
0.0001, unpaired two-tailed Student’s t-test. All data are mean + s.e.m.

Next, to exclude the possibility that LARS repression may exert its effects on tumorigenesis
through metabolic alterations involving tumoural leucine availability, we conducted mass
spectrometry-based metabolite profiling of branched chain amino acids within 4T07 LARS
depleted tumours implanted into mice. Intratumoural levels of leucine, isoleucine and valine

were not significantly altered in LARS-depleted relative to control tumours (Figure 2.14). This
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finding suggests that LARS depletion does not meaningfully impact tumoural abundance of

leucine or other branched-chain amino acids.
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Figure 2.14. Intratumoral leucine, valine and isoleucine levels are not impacted by LARS
depletion.

a-c, In vivo metabolomics of branched chain amino acids leucine (a), isoleucine (b) and valine
(c) in LARS-depleted 4T07 tumours (n=5 mice per group). All data are mean + s.e.m.

Another important mechanistic possibility to exclude was the previously described noncanonical
function of LARS as a mediator of mTOR signaling®. In this report, Han et al. found LARS to
sense intracellular leucine pools, activating autophagy in the context of low leucine. This
function was carried out independent of LARS catalytic activity in aminoacylation. To assess the
potential of LARS to impact mTOR signaling in our context, we assessed changes in S6 and S6K
phosphorylation at mTOR-phosphorylation sites Ser240/244 and Thr389101:12 respectively, in
LARS-depleted PyMT tumors. Encouragingly, while phosphorylation of both targets was
constitutively active in LARS-depleted and control tumors, there were no significant differences

between the groups, implying that changes in mTOR activity do not contribute to our observed

tumor suppressive phenotype (Figure 2.15).
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Figure 2.15. mTOR phosphorylation of S6 and S6K are unaffected by LARS depletion in
PyMT tumors.
To further explore the role of mTOR signaling in our system, we derived PyMT organoids and
treated with an mTOR-specific inhibitor, BC-LI-0186'% and assessed growth changes in
Matrigel. BC-LI-0186 specifically binds the RagD recognition domain of LARS, abrogating its
mTOR signaling capacity but leaving its aminoacylation function intact. Consistent with a
growth-promoting role of mTOR signaling, treatment with this inhibitor at various
concentrations was sufficient to reduce organoid growth (Figure 2.16). As LARS is a pleiotropic,
multifunctional enzyme, these results confirm the role of LARS in mTOR signaling and further

highlight that this function is not driving the tumor suppressive phenotype observed.
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Figure 2.16. Specific Inhibition of LARS-mTOR signaling activity by BC-LI-0186 reduces
organoid growth.

Left, Representative images of PyMT tumour-derived organoids cultured in Matrigel at Day 1
and Day 3 following inhibitor treatment. Scale bar, 100 zm. Right, quantification of change in
2D projection of organoid area at Day 3, normalized to Day 1. **** = p < 0.0001, unpaired two-
tailed Student’s t-test. All data are mean + s.e.m.

2.5 LARS depletion impacts Leucine-rich translation in a codon-dependent manner

To further characterize the impact of LARS depletion on translation dynamics, we employed
multiple translation profiling approaches. First, we conducted polysome profiling in 4T07
LARS-depleted cells. Polysome fractions were pooled into low-translated (1-2 ribosomes) and
high-translated (>3 ribosomes) groups and associated mRNA transcripts were sequenced (Figure

2.17).
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Figure 2.17. Polysome Profiling traces in 4T0 shLLARS.

Polysome traces from gradient fractionation and polysome profiling in LARS-depleted 4T07
cells compared to control. (n=3 samples per group).

Differential expression was calculated in high vs low-translated fractions for LARS-depleted
samples vs. control. We reasoned that if LARS repression promotes tumour formation via
reduced availability of leucyl tRNAs, we would expect decreased polyribosome association with
leucine codon-enriched transcripts. To assess this, we binned differentially expressed polysome-
associated transcripts in LARS-depleted and control cancer cells into four quartiles based on
total leucine codon content and plotted the log, fold changes between these conditions as a
cumulative distribution function (Figure 2.18). Transcripts containing the greatest number of
leucine codons (top 25%) exhibited a significant left shift in log, fold change compared to
transcripts with the fewest codons (bottom 25%), consistent with LARS depletion-induced
reduction of leucine-rich protein translation. The analysis was repeated, instead ranking and
binning transcripts by specific leucine codon content. Top quartiles of Leu-CTC and Leu-CTG

codon enriched transcripts also exhibited a significant left shift in log, fold change (Figure 2.16b-

).
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Figure 2.18. LARS depletion impacts polysome occupancy on Leu-rich transcripts.

a, Cumulative distribution functions of differentially expressed genes by polysome occupancy in
LARS-depleted 4T07 cell lines, stratified by overall Leu-codon content. Genes with higher Leu
codon content have relatively lower log2 fold changes (left-shift) indicating lower translation in
Lars knockdown (n=3 samples per group). b,c, as in a, stratified by individual Leu-CTC and
Leu-CTG isoacceptor content, respectively. p < 1.54e-13 (a), p < 6.01le-13 (b), p < 6.29¢-5 (¢),
two-sided KS test between top 25% and bottom 25% quartiles.

Interestingly, the remaining four Leu codons demonstrated no difference or a right shift in log,
fold change (Figure 2.19). These data suggest that global effects are primarily driven by Leu-
CTC and Leu-CTG codon enriched transcripts, which account for ~60% of leucine incorporation
into proteins®*. Notably, Leu-CTG is decoded by tRNA-Leu“AS, which was observed to repress

transformation as described above, while Leu-CTC contains a wobble position and would be

most likely be decoded by inosine-modified tRNA-LeuAA665,
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Figure 2.19. LARS depletion impacts polysome occupancy in a codon-dependent manner.
Cumulative distribution functions of differentially expressed genes by polysome occupancy,
stratified by Leu-CTA (a), Leu-CTT (b), Leu-TTA (c¢), and Leu-TTG (d) codon content,
respectively. p < 4581 (a), p < 3.88e-5 (b), p <2.20e-16 (¢), p < 0.09933 (d), two-sided KS test
between top 25% and bottom 25% quartiles.

As an orthogonal in vivo approach, we employed the RiboTag model®®!%* within our Lars-
depleted PyMT tumour model to capture tumoral ribosome-associated mRNAs. Consistent with
polysome profiling findings, differentially expressed leucine-rich genes in Lars”"" compared to
wild-type tumours revealed a significant left-shift in cumulative distribution of log, fold change

(Figure 2.20). These effects were presumably more modest since the RiboTag system does not

enrich for polysomes relative to monosomes. These findings reveal that LARS depletion reduces
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polysome and ribosome association of leucine enriched transcripts, suggesting that reduced
abundance of leucyl tRNAs significantly reduces translation of transcripts enriched in cognate

leucyl codons.
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Figure 2.20. LARS depletion reduces ribosome association of Leu-rich transcripts in
RiboTag mice.

a, Cumulative distribution functions of differential gene expression by RiboTag (n=3 mice per
group), stratified by abundance of Leu isoacceptors (a) Leu-CTG (b) and Leu-CTC (¢). p =
0.0004909 (a), p <0.003378 (b), p <2.91e-8 (¢), two-sided KS test between top 25% and bottom
25% quartiles.

To further assess the impact of LARS depletion on leucine-rich protein translation, we conducted
Ribo-seq'® on LARS-depleted 4TO07 cells. We first asked whether ribosome dwell time over
each codon was substantially different in LARS-depleted samples compared to control. To do
this, we calculated codon level bias coefficients, a measure proportional to ribosome dwell time.
Regression of bias coefficients against cell lines demonstrated an increase in dwell time for all
Leu codons in LARS-depleted samples compared to control. Importantly, LARS-mediated dwell
time changes were significantly increased for Leu codons compared to other codons (Figure

2.21). These data suggest that LARS depletion preferentially enhances ribosome dwell time over

leucine codons.
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Figure 2.21. LARS depletion in 4T07 cells increases dwell time over leucine codons.
Ribosome dwell time analysis in Ribo-seq data (n=2 samples per group). Leu codons show

increased dwell time compared to other codons in Lars knockdown relative to control. shCtrl vs.
shLars3, p =0.001642; shCtrl vs. shLars4, p = 0.02282, Kruskal Wallis rank sum test.

We next asked if local translation rates were affected by clusters of leucine codons within a
given gene. We calculated sequence discrepancy for leucine codons across all transcripts in
control cells. This is represented as a value that ranges from O to 1 where O corresponds to an
even distribution and 1 is perfectly uneven. We observed a significant positive regression
coefficient for the association of sequence discrepancy and bias coefficient, suggesting that

ribosome dwell time increases as leucine clustering increases (Figure 2.22).

36



Regression coefficient = 0.023310
p <2e-16

Average dwell time of Leu residues

Log,(sequence discrepancy
of Leu residues)

Figure 2.22. Sequence discrepancy impacts ribosome dwell time over leucine codons.
Analysis of Leucine sequence discrepancy, or “clumpiness” on ribosome dwell time in 4T07
shCtrl cells. Regression coefficient = 0.023310, p < 2e-16.

Taken together, these data reveal that LARS depletion significantly impacts translation at leucine

codons and reveal increased ribosome dwelling at regions of transcripts enriched in leucine

codons.

2.6 LARS regulates expression of Leu-rich tumor suppressor genes
To identify candidate genes that mediate LARS-dependent tumor suppression, we performed

tandem mass tag (TMT)-labeled proteomics!® on tumours derived from Lars heterozygous
PyMT mice differentially expressing MMTV-Cre. We identified a set of proteins that were

significantly repressed in the context of LARS heterozygosity (Figure 2.23).
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Figure 2.23. TMT-proteomics in LARS-depleted PyMT tumors reveals reduced tumor
suppressive proteins.

Volcano plot of differentially detected proteins in TMT-labeled proteomics in PyMT Lars
knockout tumours compared to control. Cutoffs of log,fold change < 10.5] and p < 0.05 indicated

by dotted lines (n=5 tumors per group).

We were interested primarily in downregulated genes, particularly those enriched in leucine
codons. We examined significantly downregulated genes in LARS depleted tumors compared to
control, with a log,-fold change cutoff of -0.5. Within these genes, we queried their overall Leu
codon content as well as specifically Leu-CTC and Leu-CTG codon content, and also assessed
their expression in tumor samples in the TCGA. Gratifyingly, 9 of 13 genes were among the top
50% for either overall Leu codon enrichment, or Leu-CTC or Leu-CTG enrichment, with many

ranking in all three categories (Figure 2.24).
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Figure 2.24. Relative Leu codon enrichment and clinical significant of downregulated
proteomics targets.

A chart depicting significantly downregulated proteins by proteomics in LARS-depleted tumors
compared to control. nine of 13 candidates exhibited some enrichment in Leu codons relative to
the proteome. Several were additionally significantly downregulated in breast cancer in TCGA.
Among this set, we focused on epithelial membrane protein 3 (EMP3) and gamma glutamyl
transferase 5 (GGT5)—two genes that were relatively enriched in Leu-CTC and Leu-CTG
codons and whose expression levels are reduced in human breast tumours relative to non-

cancerous mammary tissue, suggesting potential roles in suppressing tumourigenesis (Figure

2.25).
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Figure 2.25. Clinical association of candidate downregulated proteins in LARS depleted

tumors.
Clinical association of EMP3 (a), GGTS5 (b) in the TCGA database normal breast tissue samples

compared to primary tumor. c-d, quantification of a,b respectively. * = p < 0.05, two-tailed
Mann-Whitney test. All data are mean + s.e.m.

To validate our proteomics findings, we assessed protein levels of EMP3 and GGTS in LARS-
depleted PyMT tumors by western blot (Figure 2.26). Consistent with proteomics findings, both
were reduced in LARS-depleted tumors compared to control.
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Figure 2.26. EMP3 and GGTS are reduced in LARS-depleted PyMT tumors.

a-b, Western blot expression of candidate downstream regulators EMP3 and GGTS5 in LARS-
depleted PyMT tumours. HSC70 is used as a loading control. Samples represent individual mice
Cre- n=4, Cre+ n=5. ¢,d, Quantification of a,b. Representative of 2 independent experiments, *
=p < 0.05, one-tailed Mann-Whitney test. Data are mean + s.e.m.
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As an orthogonal approach to validate these findings, we depleted LARS in NMuMG cells using
two independent shRNAs. These LARS-depleted cells also exhibited significantly reduced
EMP3 and GGTS protein levels (Figure 2.27). Importantly, EMP3 and GGTS mRNA abundance
was not reduced, suggesting that downregulation of these proteins is specifically due to LARS-
mediated translation changes, not mRNA stability or transcriptional downregulation (Figure
2.27). In fact, GGTS5 mRNA levels trended towards an increase in NMuMG Lars-depleted cells,
suggesting a potential feedback mechanism increasing transcription in response to LARS

depletion.
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Figure 2.27. EMP3 and GGTS5 are translationally downregulated in NMuMG-LARS
depleted cells.

a, Western blot of LARS, EMP3, and GGT5 in LARS-depleted NMuMg cells. HSC70 is used as
a loading control. b-d, Quantification of LARS (b), EMP3 (¢) and GGT5 (d) in a. e-f, nRNA
levels of EMP3 (e) and GGTS5 (f) in Lars-depleted NMuMG cells normalized to GAPDH. * =p
<0.05,** =p<0.01,*** =p <0.001, **** =p < 0.0001, unpaired two-tailed Student’s t-test.
Representative of n=3 independent experiments. All data are mean + s.e.m.

EMP3 is a small transmembrane protein thought to be involved in cell proliferation, and has been
implicated in cancer including as a tumor suppressor in certain solid tumours!’-1%. GGTS is a
glutathione metabolism related proenzyme, which has been shown to play a non-cell autonomous
role in overcoming chemoresistance in ovarian cancer!®.

To further assess the roles of these proteins in breast proliferative growth, we derived tumour
organoids from PyMT mice and transduced them with shRNAs targeting Emp3 or Ggt5.
Following transduction, organoids were cultured in Matrigel and growth changes were assessed.

Depletion of either EMP3 or GGTS enhanced organoid growth (Figure 2.28). These findings

implicate EMP3 and GGT5 as LARS-regulated tumour suppressors in breast cancer.
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Figure 2.28. EMP3 and GGTS depletion in PyMT organoids increases 3D growth.

a, Representative images of PyMT organoids with shRNA knockdown of EMP3 and GGTS,
cultured in 3D Matrigel. Scale bar, 100 zm. b, Quantification of change in 2D projection of
organoid area, normalized to Day 1. Representative of n=3 experiments. Data are mean + s.e.m.
¥ =p <001, *** =p <0.001, unpaired two-tailed Student’s t-test.

Finally, to determine if LARS repression can mediate codon-dependent translation of a
downstream target gene, we performed codon-based mutagenesis studies of EMP3. We designed
reporter constructs containing EMP3 where Leu-CTC and Leu-CTG —codons for which
translation was significantly impacted by LARS depletion—were mutated to the synonymous
codon Leu-TTG, a codon for which translation was not significantly impacted upon LARS
depletion (Figure 2.29a). We observed that a synonymous codon mutant form of EMP3 was
significantly less repressed by LARS depletion, consistent with direct LARS- and Leu-codon-
dependent regulation of EMP3 (Figure 2.29b-c). These findings identify EMP3 as a direct Leu

codon-dependent target of LARS and confirm the existence of a direct translational regulatory

response downstream of LARS in mammary tumour suppression.
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Figure 2.29. EMP3 and GGTS5 depletion in PyMT organoids increases 3D growth.

a, Schematic overview of EMP3 codon reporter design. For leucine codons 21-30 in the gene
Leu-CTC and Leu-CTG codons are replaced with Leu-TTG codon. b, Western blot for EMP3
reporter expression (HA expression) in NMuMG Lars depleted cell lines. Luciferase is used as a
transfection control. Representative of n=4 independent experiments. ¢, quantification of b. * = p
< 0.05, unpaired one-tailed Student’s t-test. Data are mean + s.e.m.

2.7 Summary

Our work identifies LARS, a specific tRNA synthetase, as a breast cancer tumour suppressor.
We show that repression of LARS reduces the charging and function of tRNA-Leu®A¢ to
suppress malignant transformation. Depletion of LARS reduced leucine rich protein translation
and expression, including that of two candidate genes, EMP3 and GGTS5, that we further
implicated in tumour suppression and proliferation (Figure 2.30). These findings suggest that
LARS regulates a tumour suppressive network. Moreover, they demonstrate that specific

repression of a tRNA synthetase can modulate translation of tumour suppressors enriched in a

cognate codon.
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Figure 2.30. Model of LARS-mediated suppression of tumorigenesis.
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CHAPTER 3. Stress-induced tyrosine-tRNA depletion through tRNA fragmentation can
modulate translation and growth.

3.1 Rationale
Although tRNA fragmentation in response to cellular stress has been well-documented, the

functionality of tRFs remains understudied. While tRFs have been implicated in ribosome
biogenesis and translation initiation'*2, they are classically not thought to affect mature tRNA
abundance. We sought to identify such exceptions and in this chapter we characterize a tyrosyl-
tRNA fragmentation response to oxidative stress that is sufficient to deplete mature tyrosyl-

tRNA species and affect gene expression programs, altering cell growth®.

3.2 Oxidative stress-induced tRNA fragmentation can deplete mature tRNAs
We first sought to identify tRFs generated in response to oxidative stress, that resulted in

concomitant decrease in the corresponding tRNA species. We conducted small RNA sequencing
as well as tRNA profiling®® in MCF10A cells at both 8 and 24 hours following hydrogen peroxide
(H207) treatment at 200 uM. While global tRNA levels were unchanged at these time points,
several specific tRNAs became repressed (Figure 3.1a). Concomitantly, oxidative stress induced
many tRFs (Figure 3.1b). Upon integration of these two approaches, four tRFs were induced
alongside reduced mature tRNA populations; of these, we focused on tRNA-Tyr®YA, as the most

highly induced tRF (Figure 3.1c¢).
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Figure 3.1. identification of modulated mammalian tRNAs and tRFs in response to
oxidative stress.

a, Heatmap of tRNA profiling of MCF10A cells at 8 and 24 hours post exposure to oxidative stress
(200pM H,0,). n=3 per condition. b, MCF10A cells were exposed to oxidative stress (200uM
H,0,) and processed for small RNA-sequencing. The log, fold change levels for tRFs derived from
distinct tRNA isoacceptors is plotted. ¢, Schematic depicting the overlap of tRNAs in (a) that
decreased over time with tRFs from (b) that were induced. Four isoacceptor families of tRNAs are
shown in the overlap with tyrosyl-tRNA and leucyl-tRNAs as the most promising candidates that
exhibited the highest degree of tRF induction.

3.3 Oxidative stress-induced fragmentation depletes tRNATY Gya
To further validate these findings, we assessed tRF induction and tRNA depletion in a time-
course experiment. tRF-TyrSYA was induced within five minutes of H,O, treatment, with a

surprising concomitant reduction in pre-tRNA-Tyr%VUA levels, which became nearly undetectable

one hour after treatment (Figure 3.2a-b).
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Figure 3.2. tRNA™" ¢y, abundance is reduced while the corresponding Tyr-tRF is induced

in response to oxidative stress.

a, Northern blot depicting a time course experiment ranging from five minutes to 24 hours of
MCFI10A cells in response to oxidative stress. A single probe complementary to pre-tRNA™ Gya,
mature tRNAT Gy, and tRF™gy, expression was *?P-labeled and used for detection. b,
Quantification of pre-tRNA™ sy northern blot analysis from multiple independent experiments
after one hour as well as mature tRNA™ gy, levels after 24 hours (normalized to U6 levels) are

shown (n=6).

This data suggests that tRF-TyrSV is generated from the pre-tRNA, rather than the mature
tRNA. By contrast, a 50% reduction in mature tRNA-TyrY* was observed following 24 hours of
treatment, which is likely a result of the stability of mature tRNAs (Figure 3.2). These findings
demonstrate that oxidative stress-induced generation of tRF-TyrSY2 can ultimately significantly
deplete the corresponding mature tRNA-TyrY2 pool. Furthermore, we show that a single

cellular stress can induce the levels of a specific tRF and deplete its corresponding tRNA.

We next wondered whether the observed tRNA-Tyr%VA depletion was transient or if it could
persist in continuous stress exposure. Surprisingly, following five days of daily H,O, treatment,
cells maintained both a 50% tRNA-TyrSYA repression and tRF-Tyr%Y4 induction (Figure 3.3a-b).
By contrast, other tRNA species , including tRNA-His®V¢ and tRNA-GIuY"¢, remained stable

over this time period (Figure 3.2a,c-d).
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Figure 3.3. tRNA-Tyr¢UA fragmentation is sustained with continuous stress and is not
generalizable to all tRNAs.

a, northern blot depicting MCF10A cells that were exposed to oxidative stress (200uM H,0,) once
daily for five continuous days to test if repeated exposure to the stress could elicit sustained
fragmentation. b, Quantification of mature tRNA-TyrSY bands by northern blot after cells were
treated once daily for five continuous days (normalized to U6) from multiple independent
experiments (n=12). ¢, A northern blot depicting two time points, one hour and 24 hours, after
exposure to oxidative stress (200 puM H,0O,) in MCFI0A cells. As before, a single probe
complementary to pre-tRNA-TyrYA, mature tRNA-TyrSYA, and tRF-Tyr®Y2 was while another
probe complementary to either the mature tRNA-His®Y¢ or mature tRNA-GluYUC were both 32P-
labeled and used for detection. d, Quantification of tRNA-TyrSYA, tRNA-His®YS, and tRNA-
GluYY¢ by northern blot analysis from two independent experiments 24 hours (normalized to U6
levels) after exposure to oxidative stress (200 uM H,0,) are shown (n=4). Data represent mean +
s.e.m. A one-tailed Mann-Whitney test was used to test for statistical significance between the
treated and control cell lines for each time point.
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To determine the generalizability of these results, we also measured the effects of oxidative
stress on tRNA-Tyr species in a distinct mammalian cell line, the human bronchial epithelial cell
line (HBEC30). Consistent with MCF10A data, we observed that pre-tRNA-TyrSU levels
dramatically declined at 1-hour post treatment, with a corresponding significant reduction in

mature tRNA-Tyr%V*levels at 24 hours (Figure 3.4).
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Figure 3.4. tRNA-TyrCVA fragmentation occurs within additional cell lines.

a, northern blot depicting a time course experiment ranging from five minutes to 24 hours for
HBEC30 cells in response to oxidative stress (200uM H,0,). As before, a single probe
complementary to pre- tRNA-TyrVUA, mature tRNA-Tyr%VA, and tRF-Tyr®VA was P-labeled
and used for detection. b-¢, Quantification of northern blot analysis for pre-tRNA-TyrY4 (b)
and tRF-TyrSYA (¢) after one hour and 24 hours respectively in HBEC30 cells upon exposure to
oxidative stress (200uM H,0,) (n=6). Data represent mean + s.e.m. A one-tailed Mann-Whitney
test (*p < 0.05 and **p < 0.01) was used to test for statistical significance between the treated
and control cell lines for each time point.

To determine if tRF-Tyr®Y2 formation is conserved across species, we exposed C. elegans to
H,0,. Consistent with our observations in human cells, tRNA-TyrY* was induced following 15
minutes of treatment (Figure 3.5). This suggests that tyrosyl-tRNA fragmentation is conserved in

nematodes, highlighting the significance of this phenomenon.
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Figure 3.5. tRNA-TyrCVA fragmentation in response to oxidative stress is conserved across
species.

Northern blot for tRF-TyrSYAin C. elegans cells at 15 minutes post-oxidative stress (200uM
H,0,) exposure.

We also tested independent sources of oxidative stress, to further confirm the mechanism of tRNA-
TyrSYUA fragmentation. Similar to H,O, treatment, menadione reduced pre-tRNA and induced the
tRF at early time points, whereas mature tRNA-TyrY» was depleted after 24 hours (Figure 3.6).
Taken together, these findings reveal that stress-induced tRNA depletion can be a sustained

response and that it can be elicited in multiple human cell types.
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Figure 3.6. tRNA-TyrCUA fragmentation occurs with other sources of oxidative stress.

a, Northern blot at a short and longer time point after MCF10A cells were treated with a
pharmacological agent used to induce oxidative stress(menadione). b, Quantification of tRNA-
TyrSYUA by northern blot analysis form two independent experiments 24 hours (normalized to U6
levels) after exposure to oxidative stress (50M menadione) are shown (n=4). A one-tailed
Mann-Whitney test was used to test for statistical significance. Data represent mean + s.e.m.

3.4 Oxidative stress-induced tRNA-Tyr¢UA depletion represses cellular growth.

Next, we sought to further characterize the observed tRNA-Tyr%Y depletion effects. To rule out
the possibility that mature tRNA depletion was due to cell death, we conducted cell growth and
viability assays following H,O, treatment. We observed no difference in cell viability following
treatment at the doses and time points studied, reducing the possibility of cell death as a mediator
of mature tRNA depletion (Figure 3.7a). Further, cell death is an unlikely contributor given that
only specific tRNAs were depleted. Given that the dose of H,O, used did not reduce cell
viability, and that only specific tRNAs were depleted, we deemed it unlikely that the observed
effects were due to cell death. However, we observe substantial growth defects upon H,O,
treatment (Figure 3.7b). As a result, we wondered if tRNA-TyrY4 depletion may contribute to

growth repression phenotypes.
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Figure 3.7. Oxidative stress represses cell growth but does not affect cell viability.
a, The viability of MCFI10A cells after H,O, treatment (200uM) was tested by a trypan blue
exclusion assay (n=6). Viability was tested one hour after exposure to oxidative stress. A two-
tailed Mann-Whitney test was used to test for statistical significance between the treated and
control cell lines. b, Growth curves of MCF10A cells exposed to oxidative stress (200 uM H,0,)
relative to control cells (n=3). Two-way ANOVA was used to test for significance. All data
represent mean =+ s.e.m.
To assess the effects of tRNA-TyrSYA reduction on cell growth, we used two orthogonal
approaches. We first depleted tRNA-TyrY* using shRNA%, and confirmed a 50% reduction in
tRNA level using this approach (Figure 3.8a). We also depleted tyrosyl-tRNA synthetase
(YARS) with two independent shRNAs, to deplete tRNA-TyrSY2 functionally through reduced

tRNA charging (Figure 3.8b). Both of these approaches were sufficient to suppress cell growth in

MCFI10A cells compared to control (Figure 3.8c).
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Figure 3.8. tRNA-Tyr¢UA depletion and YARS depletion repress cell growth.

a, The viability of MCF10A cells after H,O, treatment (200 pM) was tested by a trypan blue
exclusion assay (n=6). Viability was tested one hour after exposure to oxidative stress. A two-
tailed Mann-Whitney test was used to test for statistical significance between the treated and
control cell lines. b, Growth curves of MCF10A cells exposed to oxidative stress (200 uM H,0,)
relative to control cells (n=3). Two-way ANOV A was used to test for significance. ¢, (D)
Growth curves of MCF10A cells expressing RNAi against mature tRNA-TyrV2 or YARS
relative to cells expressing a control hairpin (n=3). Two-way ANOVA was used to test for
significance. All data represent mean + s.e.m.

These results demonstrate that tRNA-TyrSY4 depletion can significantly impair growth,

phenocopying H,O, -induced physiological depletion of endogenous tRNA-TyrSVA,

Overexpression of tRNA-TyrSUA

on the other hand, led to increased cell growth (Figure 3.9).
These data imply that stress-induced tRNA-TyrSVA depletion is growth-suppressive, and may

contribute to a cellular oxidative stress program.
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Figure 3.9. tRNA-Tyr¢UA overexpression increases cell growth.

a, Cell growth of MCF10A cells transiently transfected with a tRNA-TyrSY2 overexpression vector
relative to an empty control vector (n=3). A one-tailed Mann-Whitney test was used to test for
significance at day 3. b, Northern blot of MCF10A cells transiently transfected with a tRNA-
TyrSYA overexpression vector relative to an empty control vector. tRNA-Tyr%UA overexpression is
shown at 24, 48, and 72 hours post transfection. Data represent mean + s.e.m. *p < 0.05, **p <
0.01, and ***p < 0.001

3.5 tRNA-TyrC¢YA depletion represses candidate growth-related genes.
We hypothesized that stress-induced tRNA™ 5y, depletion impairs growth through reduction of

relatively tyrosine-rich proteins. To identify potential candidates, we assessed protein expression
by label-free proteomics in tRNA-TyrY2 or YARS-depleted MCF10A cells compared to
control. There was a significant correlation between differentially expressed proteins in each of
these groups (R=0.648; p < 2.2 e-16), confirming the overlap in these orthogonal methods of
tRN AT Gua loss-of-function (Figure 3.10a). Among depleted candidates, we specifically searched
for relatively Tyr-enriched proteins, which were most likely to be tRNA-Tyr%VA dependent

(Figure 3.10b). Using this approach, we identified 102 tyrosine-enriched candidate proteins.
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Figure 3.10. Proteomic analysis identifies downregulated Tyr-rich proteins within tRNA-
Tyr¢UA -depleted and YARS-depleted cells.

a, A plot showing the correlation between protein abundance changes in the proteome upon
either tRNA-TyrSY2 depletion or YARS depletion (shY ARS-2) relative to control cells. A
Pearson’s two-sided test was used to test determine the statistical significance of the correlation
between tRNA-TyrSYA and YARS depletion effects across the detected proteome. b, Cells
depleted of tRNA-Tyr%YA or YARS were processed for label free quantitation by mass
spectrometry to identify proteins that were reduced by a log,-fold change of 0.5 or more. This set
was overlapped with proteins containing a higher than median abundance of Tyr codon content
to identify candidate mediators of the pleiotropic effects of tRNA-TyrSYA depletion.

To further characterize these 102 candidates, we conducted Gene Ontology functional
analysis'!?, Consistent with our growth repression findings, we observed that the most
significantly enriched GO terms included those associated with cellular growth, including
regulation of ATP synthesis, GO to G1 cell-cycle progression, and phosphorylation (Figure 3.11).

These findings demonstrate that tRNA-TyrSY4 depletion represses the expression of candidate

growth-related proteins.
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GO terms Description p-value

GO:0042775 mitochondrial ATP synthesis coupled electron 3.30E-03

transport
GO0:0042773  ATP synthesis coupled electron transport 3.56E-03
GO0:0007626  locomotory behavior 6.17E-03
GO:0070316 regulation of GO to G1 transition 6.63E-03
G0:0045184  establishment of protein localization 6.65E-03
G0:0022904 respiratory electron transport chain 7.00E-03
G0:0006497 protein lipidation 8.98E-03
G0:0042475  odontogenesis of dentin-containing tooth 8.98E-03
G0:0042886  amide transport 9.17E-03
GO:0016310 phosphorylation 9.18E-03
GO0:0006119 oxidative phosphorylation 9.42E-03

Figure 3.11. GO-functional analysis associates growth-related activities with Tyr-rich
proteins depleted in tRNA-TyrCUA -depleted and YARS-depleted cells.
GO-functional analysis of the 102 candidate gene set from Figure 3.10.

Within these candidate proteins, we selected a small set of tRNA-TyrSVA

—regulated genes that
exhibited some of the greatest fold reductions upon tRNA-Tyr%YUA depletion for further
functional studies (Figure 3.12a). These genes comprised ubiquitin specific protease 3 (USP3), a
hydrolase that deubiquitinates histone H2A and H2B and is required for mitotic entry and S
phase progression''!, epithelial cell adhesion molecule (EPCAM), a tumorigenic cell surface
protein over-expressed in many carcinomas!''?, and stearoyl-CoA desaturase (SCD), the rate
limiting enzyme for generating mono-unsaturated fatty acids such as palmitoleate and oleate —
principle components of membrane phospholipids and cholesterol esters'!®. Quantitative western
blotting and quantitative real time PCR (qQRT-PCR) revealed significant reductions in the
endogenous levels of these proteins and mRNA transcripts upon shRNA-mediated depletion of
tRNA-Tyr%YA or YARS (Figure 3.12b-d). In contrast, the control protein HSC70 was not

significantly depleted, consistent with our findings of a specific set of modulated proteins upon

tRNA-Tyr%YA depletion.
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Figure 3.12. Candidate proteins EPCAM, SCD and USP3 are depleted in tRNA-TyrGUA -
depleted and YARS-depleted cells.

a, A schematic showing locations of all tyrosine residues in the coding sequence of three target
genes, EPCAM, SCD, and USP3. b, Levels of mRNA expression for target genes in cells
depleted of either tRNA-TyrSYA or YARS as measured by qRT-PCR (n=4). ¢, Quantitative
western blot validation depicting abundances of protein targets (EPCAM, SCD, and USP3).
HSC70 was used as a loading control and is not modulated upon molecular perturbation of
tRNA-TyrSYA, d, Quantification of western blot analysis in (¢) (n=4). A one-tailed Mann-
Whitney test was used to test for statistical significance between knockdown and control
conditions. Data represent mean + s.e.m. *p < 0.05, **p < 0.01, and ***p < 0.001.

To determine if repression of these genes affects proliferation, we conducted cell growth assays in
the context of RNAi-mediated gene depletion. Knockdown of each gene by two independent oligos
was sufficient to reduce cell growth in MCF10A cells (Figure 3.13). Our results reveal that
repressing the function of a specific tRNA reduces expression of a candidate set of tyrosine
enriched proteins enriched in growth-dependent processes. Moreover, depletion of tRNA-Tyr¢UA

or its downstream regulated genes impairs growth of breast epithelial cells. We propose that this

network constitutes a pro-growth tRNA-Tyr%YA-regulated pathway, and its repression via stress-
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induced tRNA fragmentation and tRNA depletion constitutes an adaptive growth suppressive

stress response.
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Figure 3.13. Depletion of candidate Tyr-rich proteins by RNAi represses growth.

a, Total mRNA from MCFI10A cells transiently transfected with two independent siRNA
targeting EPCAM, SCD, or USP3 was analyzed by quantitative RT-PCR at the end of each
growth assay. A one-tailed Mann-Whitney test was used to establish statistical significance (n=3
except for siSCD-2 has n=2). b, Growth curves for MCF10A cells were transfected with either
control siRNA or two independent siRNA targeting EPCAM, SCD, or USP3. Note that the
control cell growth curve is the same in all graphs and were plotted separately for clarity and
does not represent independent experiments. Two-way ANOV A was used to test for
significance. All data represent mean + s.e.m. *p < 0.05

3.6 tRNA-TyrC¢YA depletion impairs protein translation in a codon-dependent manner.

Thus far, we demonstrate that tRNA-TyrSY4 expression regulates abundance of tyrosine-enriched
growth-related proteins. We wondered whether these proteins would also be sensitive to oxidative
stress-induced tRNA-TyrSYA depletion. To test this hypothesis, we assessed candidate protein

expression by western blot following 24 hours of H,O, treatment. Consistent with our previous
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experiments, we noted significant reductions in protein expression of SCD, EPCAM and USP3
(Figure 3.14a-b). Despite these reductions at the protein level, the transcript levels of two of these
three downstream genes were not significantly altered upon H,O, treatment (Figure 3.14c),
suggesting that tRNA-TyrSY» depletion results in repression of specific growth-regulatory target
genes at the translational level.
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Figure 3.14. Oxidative stress reduces candidate Tyr-rich protein expression.

a, Quantitative western blot EPCAM, SCD, and USP3 in MCF10A cells 24 hours after treatment
with H,O, (200uM). HSC70 was used as a loading control. b, Quantification of western results in
(a) (n=9). ¢, mRNA expression levels for target genes 24 hours after treatment with H,O,
(200uM) as measured by qRT-PCR (n=9). A one-tailed Mann-Whitney test was used to test for

statistical significance between the treated and control conditions. Data represent mean + s.e.m.
*p <0.05, **p < 0.01, and ***p < 0.001

To test whether tRNA-TyrY4 modulation directly impacts gene regulation at the translational
level, we employed two approaches. In the first, we designed a codon-dependent reporter of USP3.

A Myc-tagged USP3 coding sequence was cloned upstream of a Luciferase transfection control.
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The cloned USP3 sequence was either wild-type (WT) or a mutant variant, which contained 5
tyrosine codons mutated to alanine codons (Figure 3.15a). We hypothesized that if USP3 was
sensitive to, and directly regulated by tRNA-TyrY4 modulation, then mutating its tyrosine codons
would reduce its susceptibility to stress-induced gene repression. These reporters were transfected
into MCF10A cells and 24 hours after H,O, treatment quantitative western blotting was performed.
Consistent with our model of codon-dependent translation regulation, we observed a significant

increase in the abundance of the mutant USP3 relative to the WT version of the protein (Figure

3.15b).
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Figure 3.15. Codon reporter assays demonstrate codon-dependent translation regulation of
Tyr-rich genes under oxidative stress.

a, A schematic of the codon-based USP3 reporter. A Myc-tagged WT or mutant reporter with 5
Tyr codons mutated to Ala codons were cloned upstream of a Luciferase used for transfection
normalization. b, Quantitative western blot for the Myc-tag and Luciferase (top) with normalized
fluorescent intensities (bottom) are shown (n=3). Data represent mean + s.e.m. *p < 0.05, **p <
0.01, and ***p < 0.001

That protein expression is sensitive to tRNA-TyrY» abundance as well as YARS expression
suggests that modulations occurs at the translational level. Thus, we performed ribosomal
profiling in tRNA-TyrSY4 -depleted cells compared to control, to test if ribosomal occupancy is

altered on tyrosine-rich transcripts'%

. We compared the ribosome protected fragments (RPFs)
detected in cells with and without tRNA-TyrSY4 depletion, in order to examine the global

translational effects due to modulating this single tRNA. We observed similar length distribution
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and nucleotide periodicity for ribosome-protected fragments as those of previous studies!%

(Figure 3.16).
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Figure 3.16. Ribosome protected fragments from tRNA-Tyr¢UA -depleted cells demonstrate
expected length distribution and nucleotide periodicity.

a, Examples of the mapped position of the 5’-end of reads near the start (left) or stop (right)
codons are shown, revealing the characteristic 3-nucleotide periodicity of ribosomal positioning
observed as previously described. b, Histogram of the read length distribution of ribosome
protected fragments observed upon ribosome profiling sequence analysis.

Non-optimal or rare tRNAs are thought to induce ribosome stalling when the corresponding codon
in the ribosomal A site''*. We therefore wondered whether tRNA-TyrSUA depletion could induce
such stalling at corresponding tyrosine codons. We examined RPF reads from the 20-22nt RPFs—

representing ribosomes with an empty A site!!

—and observed an increase of reads containing
tyrosyl UAC or UAU codons in tRNA-TyrSVA —depleted cells compared to control cells (Figure
3.17a). In parallel, we estimated translation efficiency for each gene, a ratio between RPFs and
mRNA expression, and asked whether this differed for relatively Tyr-rich transcripts between
control and tRNA-TyrYA —depleted cells. Genes were ranked by translataion efficiency and
binned into three sets, and we queried tyrosine codon content in each group. Consistent with
ribosome stalling analysis, we found that genes with higher tyrosine codon count were

significantly enriched in the set of genes with the lowest translational efficiency (denoted by the

lowest red bar) upon tRNA-Tyr%YA depletion (Figure 3.17b). These findings reveal that ribosomal
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translation of a set of tyrosine codon-enriched genes in these mammalian cells is sensitive to

depletion of tRNA-Tyr“VU to physiological levels.
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Figure 3.17. Global ribosome occupancy analysis from tRNA™"¢y,-depleted cells reveals
reduced translation efficiency for Tyr-enriched genes.

a, Ribosome occupancy of 20-22nt RPFs in tRNA™ y,-depleted cells compared to control cells
reveal greater occupancy at both tyrosine codons in tRNA™ Gy-depleted cells. b, Genes were
sorted based on their changes in GC-corrected translation efficiency (TE) values, with reduced
TE in tRNA™ya-depleted cells shown in left and enhanced TE shown on right. The red bars
over each column depict the range of values in that bin. We then assessed the distribution of
genes with high tyrosine codon content across these three bins using mutual information
calculation and testing (see methods for details). For visualization, we used the hypergeometric
distribution to assign p-values to the overlap between tyrosine-rich genes and each of the three
bins. We then defined an enrichment score as —log of p-value, if there was a significant
enrichment. If the overlap is significantly fewer than expected by chance, log of p-value is used
instead (depletion). The resulting enrichment score is then shown as a heatmap with gold
depicting positive enrichment.

3.7 Studies of tF-Tyr¢YA biogenesis and its interactors, RNA binding proteins hnRNPA1
and SSB.

As previously discussed, oxidative stress in MCF10A cells not only caused tRNA-TyrSUA

depletion, but also generated of tRF-TyrSVU» as early as 5 minutes post H,O, treatment. The tRF
remained elevated for up to eight hours, declining to baseline at 24 hours post exposure (Figure

3.18).
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Figure 3.18. Time course of induction of tRF-Tyr¢VA,

Quantification of tRF-TyrSU* induction in response to oxidative stress as a function of time in
MCF10A (left) (n=4) and in HBEC30 (right) (n=6).

Previous studies have implicated tRFs in multiple biological processes®®“! Sequencing of the
tRF-TyrSYA after gel extraction identified tRFs with a 5° leader sequence from nearly every

tRNA-Tyr%YA genomic locus (Figure 3.19a-b).
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Figure 3.19. Sequencing of tRF-Tyr¢V from identifiable loci.
a, Length of 5’ leader sequence of all tRF-Tyr%Y2 by loci that were identified by sequencing. b,
Sequence of each tRF-TyrY2 by loci that were identified by sequencing. Conserved tRF-TyrSYA
found in each loci are highlighted in gray.
We first wondered whether tRF-TyrSYA might impact the same molecular pathway as the mature
tRNA. Using the conserved region from the different tRF-TyrSY sequences (Figure 3.19b), we

transfected a 37nt synthetic mimetic as a means of eliciting gain-of-function. tRF-Tyr¢UA

transfection did not significantly alter protein levels of USP3, SCD, or EPCAM and did not impact
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growth (Figure 3.20). These findings suggested that tRF-TyrSYA might play a regulatory role

independent of the tRNA-Tyr®YA -mediated response.
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Figure 3.20. tRF"" ¢y, does not affect growth nor Tyr-rich protein expression.

a, Cell growth of MCFI10A cells transiently transfected with a tRF™gy, mimetic relative to a
scrambled tRF control (n=3). A one-tailed Mann-Whitney test was used to test for significance at
day 3. b, Western blot of downstream tRNA™y1-dependent genes 24 hours after transfection of
tRFYgya mimetic or a scrambled tRF control.

We next asked what factors could contribute to the cleavage of this tRF. Given that the tRF may
originate from the pre-tRNA, we wondered whether the tRNA splicing machinery may play a
role. We also hypothesized that ANG might play a role, as an RNase known to cleave tRNAs at
the anticodon loop?®’. We used RNAi-mediated knockdown for ANG as well as TSEN2, the
catalytic subunit of the tRNA splicing complex!'®!17 and CLP1, a second tRNA splicing
component!'®, tRF-TyrSYA formation was not impaired by depletion of any of these components,

suggesting that none of these ribonucleases are involved in mediating this oxidative-stress

induced response (Figure 3.21).
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Figure 3.21. ANG, CLP1 and TSEN2 do not affect tRF-Tyr%UA generation.
a, A northern blot depicting the tRF-TyrSY4 induction in MCF10A cells with two independent
siRNA each against angiogenin (ANG) or TSEN?2 relative to a control siRNA. b, qRT-PCR
validation of the siRNA-mediated knockdown of ANG relative to a control siRNA. ¢, qRT-PCR
validation of the siRNA-mediated knockdown of TSEN2 relative to a control siRNA. d, A
northern blot depicting the tRF-Tyr%Y* induction in MCF10A cells with two independent siRNA
against CLP1 relative to a control siRNA. e, qRT-PCR validation of the siRNA-mediated

knockdown of CLP1 relative to a control siRNA.
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One mechanism by which tRFs have been proposed to function is through their interaction with
various RNA binding proteins (RBPs)®!1%120, We hypothesized that tRF-TyrY* may not only be
a degradation product of tRNA fragmentation, but may also interact in frans with an RBP. To test
this, we used a synthetic 5’-biotinylated tRF-TyrSYA as bait in an in vitro co-precipitation
experiment. Proteins interacting with the mimetic from cellular lysate were identified by in-
solution digestion and mass-spectrometry, and compared to proteins interacting with a scrambled
mimetic. Mass spectrometry identified numerous proteins that were enriched in the tRF-Tyr¢UA
co-precipitation relative to scrambled control oligonucleotide (Figure 3.22a). We selected the most
significantly enriched proteins—hnRNPAO, hnRNPA1, and SSB —and validated their interaction
with synthetic tRF-TyrYA by western blot. Western blot analyses confirmed the mass
spectrometry results, revealing increased interactions between these proteins and tRF-TyrGUA
mimetic relative to scrambled control (Figure 3.22b). These results suggest that tRF-TyrY may

interact with one or more RBPs.
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Figure 3.22. Characterization of tRF-Tyr¢YA and its potential functional role.

a, Volcano plot of mass spectrometry results from a synthetic 5’-biotinylated tRF-TyrSV co-
precipitation experiment with cell lysate. Log2 fold enrichment values of proteins identified from
tRF-TyrYA relative to scrambled tRF control samples. b, Western blot validation of mass
spectrometry results for three of the top hits in (a), showing co-precipitation of endogenous
proteins with transfected tRF-TyrSVA relative to a scrambled control sequence (Scr).
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Next, we asked whether tRF-Tyr®Y could interact endogenously with any RBP. UV-
crosslinking enables assessment of direct endogenous interactions between RBPs and their
cellular RNA substrates!?!'?2 and has been coupled with deep-sequencing methods such as HITS-
CLIP or PAR-CLIP to identify all RNAs that interact with a given RBP!2*124_ The initial step of
such CLIP-sequencing methods is a limited RNase digestion of immunoprecipitated
ribonucleoprotein complexes, followed by SDS-PAGE visualization. Such experiments have
previously been done with Argonaute-2, which binds microRNAs!'?, and YBX1, which binds
tRFs®. These experiments have revealed well-defined bands roughly the size of the RBP, which
represent the RBP bound to a population of small RNAs. In contrast, for RBPs that bind
mRNAs, CLIP-seq methods reveal a smear representing the RBP bound to a population of such

longer RNAs#:125 (Figure 3.23).
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Figure 3.23. a modified HITS-CLIP sequencing approach to capture smRNA-associated
RBPs.

a, Schematic depicting the expected visualization of a cross-linked immunoprecipitation by
autoradiogram. Samples processed in the absence of RNase digestion that revealed a band
corresponding to smRNA-RBP interactions were processed for HITS-CLIP. Samples processed
using low RNase digestion showing a smear representing mRNA-RBP interactions by
autoradiogram were also processed for HITS-CLIP.
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To determine if any of the candidate RBPs identified by mass spectrometry interact with
endogenous small RNA populations, we included an experimental condition where the HITS-CLIP
protocol was conducted in the absence of RNase digestion to ensure that any potential small RNA-
RBP bands visualized were not a consequence of, or confounded by, RNase digestion. UV-
crosslinked immunoprecipitation followed by SDS-PAGE in the presence or absence of RNase
digestion revealed that endogenous hnRNPA1 and SSB interacted with an endogenous small RNA
population (Figure 3.24a-b).

a Low RNase No RNase High

IP: SSB - IP: hnRPA1 - IP: hnRNPA;)
Figure 3.24. a modified HITS-CLIP sequencing approach to capture of tRF-Tyr®YA and its
potential functional role.

a, Volcano plot of mass spectrometry results from a synthetic 5’-biotinylated tRF-TyrSV co-
precipitation experiment with cell lysate. Log»-fold enrichment values of proteins identified from
tRF-TyrSVA relative to scrambled tRF control samples. b, Western blot validation of mass
spectrometry results for three of the top hits in (a), showing co-precipitation of endogenous
proteins with transfected tRF-TyrSY2 relative to a scrambled control sequence (Scr).

We did not observe a small RNA-ribonucleoprotein band for hnRNPAO in the absence of RNase
(Figure 3.24c), even upon prolonged autoradiographic exposure, suggesting that this RBP either
does not significantly interact with a small RNA population in vivo or this method is not

conducive to identifying this interaction. These findings suggest that hnRNPA1 and SSB directly

interact with small RNA populations in vivo.
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Next, we sought to identify hnRNPA1 and SSB-bound small RNAs. An analysis of tRFs bound
by a previously published CLIP-seq study for hnRNPA1!%¢ validated our observations by

revealing a reciprocal interaction between hnRNPA1 and tRF™Y'gy, (Figure 3.25).
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Figure 3.25. tRF-TyrCYA interacts with hnRNPA1 in an independent dataset.

IGV plots from the hnRNPA1 HITS-CLIP'? reveals interactions with the tRF-TyrSVA,

As an abundant RBP, hnRNPA1 has many previously described roles in gene expression
regulation, including as a regulator of splicing and mRNA stability via binding to 3’ UTRs !27:128,
hnRNPAT has also been implicated in promoting growth and multiple cancer progression
phenotypes!?-13°, We next conducted HITS-CLIP for endogenous SSB with and without RNase
digestion. SSB, also known as La, is a well characterized RNA-binding protein known to bind
the nascent 3’ ends of Pol III transcripts, including those of full-length pre-tRNAs!3!-133,
Although our HITS-CLIP experiment was designed to enrich for signal from tRFs, we found that
consistent with its previously described canonical role in binding Pol III transcripts, alignment
and analysis of sequencing reads revealed binding of SSB to the 3’-trailers of pre-tRNAs (Figure
3.26a). Importantly, in addition to this previously described binding, we observed previously
unreported interactions of SSB with the 5 half of tRNA-Tyr®Y arising from multiple distinct
loci (Figure 3.26b). In experiments with and without RNase, sequencing reads containing and not

containing the 5’ leader region of pre-tRNA-Tyr®Y* were detected. The 5’ leader containing
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reads likely represent intermediates in the pre-tRNA-Ty
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Figure 3.26. tRF-TyrCY and pre-tRNA-Tyr¢YA interact with SSB.
a, IGV plots from the SSB HITS-CLIP reveals protein binding to the 3’ trailer end of pre-tRNAs
arising from distinct tRNA loci. b, IGV plots representing SSB interacting with the tRF-TyrY4

in samples that were treated with low levels of RNase digestion. SSB bound tRF-Ty

rOUA reads

mapped to multiple loci encoding tRNA-TyrSYA, ¢, Similar to the IGV plots shown in (b), but
depicting SSB interactions with tRF-Tyr®Y4 loci in samples without RNase digestion.

The abundant number of reads mapping to the 5° regions of tRNA-Tyr%YA distinguish these SSB-

tRF interactions from the previously described canonical SSB interactions with 3’-trailers of full-

length pre-tRNAs. This notion is further supported by our observations of SSB binding to the 5’

tRF without 3’-trailer binding even in the absence of RNase digestion. These observations reveal

that tRF-TyrSYA interacts in frans with RBPs in human cells.



We next investigated if the stress-induced tRF-TyrSYA might regulate the activity of hnRNPA1 or
SSB as a trans factor. Using the 3° UTR targets of hnRNPA1 previously identified by CLIP-seq'?®,
we assessed whether tRF-TyrSYA impacts hnRNPA1-mediated mRNA stabilization. Following
transfection of the tRF-Tyr®Y* mimetic or a scrambled control, we observed impaired stabilization
of hnRNPA1 targets in an RBP-specific manner (Figure 3.27a). Conversely, locked nucleic acid
mediated inhibition of tRF-Tyr%V or a control had the opposite effect in increasing stability of
hnRNPA1 mRNA targets in an hnRNPA1 specific manner (Figure 3.27b). These results are
consistent with known reports of hnRNPA1 binding to 3° UTRs to affect mRNA stability!?"1%8.
Taken together, our results are consistent with tRF-Tyr%YA competing with hnRNPA1 target
transcripts for binding to endogenous hnRNPA1. tRF-Tyr®YA-dependent reduction of hnRNPA1
binding to its 3’UTR targets decreased stability of hnRNPAT1 transcripts during a-amanitin-

stability analyses.
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Figure 3.27. tRF-TyrCYA interacts with hnRNPA1 in an independent dataset.

a, cumulative distribution in control and hnRNPA1 depleted cells of the stability levels for
mRNA transcripts with 30 UTR hnRNPA1 CLIP binding'?. Transfection of tRF-Tyr®YA led to a
significant right-shift in the expression levels of 30 UTR bound hnRNPA1 transcripts. Statistical
significance was measured using the Kolmogorov—Smirnov test. b, Cumulative distribution as in
(a). Transfection of locked nucleic acid against tRF-TyrSY2 and treatment with 200 uM H,0, led
to a significant left-shift in mRNA stability of 3’UTR-bound hnRNPA1 transcripts. Statistical
significance was assessed using the Kolmogorov—Smirnov test.
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Transfection of the tRF-TyrSYA mimetic did not impact expression of Pol III transcriptional targets,
suggesting that the canonical nuclear role for SSB was unaffected by increased levels of the tRF-

TyrSYA mimetic in this context (Figure 3.28).
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Figure 3.28. tRF-Tyr¢U* mimetic expression does not affect SSB canonical function.
Quantitative RT-PCR expression levels for various Pol III transcribed targets from MCF10A
cells transfected with the tRF-Tyr®U* mimetic or a scrambled control.

Our findings describe that stress-induced fragmentation can cause a specific tRNA to become
depleted, resulting in translational consequences. This process concomitantly gives rise to a tRNA

fragment that can interact in trans and functionally impact the regulon of an RNA-binding protein

known to promote growth and cancer progression phenotypes (Figure 3.29).
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Figure 3.29. Model of tRNA-TyrGVA -dependent gene regulatory response to oxidative
stress.

3.8 tRNA-Tyr¢Y fragment generation is DIS3L2 exoribonuclease dependent

Finally, we employed unbiased approaches to identify a ribonuclease involved in oxidative-stress
induced tRF-TyrSY2 generation. In an ongoing RNAI screen focused on identifying putative
regulators of tRNA fragments in C.elegans, we observed that depletion of the exoribonuclease
disl2—the ortholog of DIS3L2—an tumor suppressor in Wilms tumor, impaired stress-induced
tRNA fragment levels (unpublished results, data not shown).

In parallel, we conducted an RNA1 screen of all known human ribonucleases in mammalian
cells. In this screen, we systematically depleted each ribonuclease candidate with a pool of
siRNA oligonucleotides, then treated the samples with H,O, and assessed EPCAM mRNA levels
as a readout. We reasoned that, since tRNA-Tyr¢ depletion occurred concomitantly with tRF-
Tyr¢Y4 induction, H,O,-induced EPCAM mRNA depletion might be rescued relative to control
by depletion of a ribonuclease responsible for tRF generation. Indeed, RNAi depletion of several
candidate ribonucleases produced a relative EPCAM mRNA enrichment, which we validated in
a secondary validation screen containing only top hits (Figure 3.30). Consistent with our findings

in C.elegans, DIS3L2 produced the most substantial effects on EPCAM expression, in both the
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primary and secondary validation screens, highlighting its importance as a candidate for further
study.
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Figure 3.30. An RNAI screen of human ribonucleases identifies DIS3L.2.

upper, siRNA screen of known human ribonucleases. siControl sample indicated in red (n=2).
lower, secondary validation siRNA screen of top hits from upper panel. In both screens, RNAi-
depleted cells were treated with H,O, and EPCAM mRNA expression levels were measured as a
readout of the relevance of gene knockdown to tRF-Tyr®V4 induction and concomitant tRNA-
TyrSUA depletion. A positive value for EPCAM ratio (treated / control) suggests a relevant

candidate.

To validate mammalian and C.elegans screen findings, we first employed RNAi approaches to
deplete dis/2 in worms. RNAi-depletion was sufficient to reduce disl2 expression by 50%
(Figure 3.31a). Consistent with screen results, following 15 minutes exposure to H,O,, disl2-

depleted worms produced less stress-induced tRNA-Tyr%VA fragments relative to control animals

(Figure 3.31b-c).

76



a b EV (ctrl) disl-2 (RNAi) c

no treatment 200 uM H,0, no treatment 200 uM H,0,

15 N2
H,0, treated ARy - o untreated
" pretRNA > 4 [ ] H,0, treated
- el k]
S °
sS 104 M 88 | — mature tRNA §
Sg T 34
a9 £
g3 g
o c
ge
oo @
a8 g 27 T
28 05 s
5 °
2 - - S 1H =& -
— tRF™" &
0.0- —— e ——— ——— | — U§ 0 .
EV(pL4440)  disl-2 EV(pL4440) disl-2

Figure 3.31. tRF-Tyr¢Y* induction is blunted by RNAi-mediated disl2 depletion in
C.elegans.

a, mRNA expression levels for disl2 after RNAI treatment, as measured by qRT-PCR (n=3). A
one-tailed Mann-Whitney test was used to test for statistical significance between control and
knockdown gene expression values. b, A northern blot for tRNA-TyrY* in wild type N2 empty
vector control and RNAi-mediated disl/-2 knockdown C.elegans strains after 15 minutes of
oxidative stress (200uM H,0,). As before, a single probe complementary to C.elegans pre-
tRNA-Tyr%YA, mature tRNA-Tyr%YA, and tRNA-TyrSU» was P-labeled and used for detection.
¢, quantification of (b).

A similar effect was observed in worms harboring constitutive dis/2 mutation (syb/033) upon
oxidative stress exposure. As with RNAi experiments, disl2 depleted animals selectively

impaired tRNA-TyrSY2 formation in the context of oxidative stress treatment (Figure 3.32).
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Figure 3.32. tRF-Tyr¢Y* induction is blunted by RNAi-mediated disl2 depletion in
C.elegans.

a, A northern blot for tRF™ gy, in wild type N2 and homozygous disl-2 (syb1033) mutant C.elegans
strains after 15 minutes of oxidative stress (200uM H,0,). A single probe complementary to
C.elegans pre-tRNA™ Gy, mature tRNADGus, and tRFDgy. was 32P-labeled and used for
detection. b, quantification of (a). Data are mean + s.e.m. *p<0.05, **p<0.01, ***p<0.001.

To assess this in human cell lines, we utilized a 293T cell line depleted of DIS3L2 using
TALEN:S, as well as a DIS3L2 knoockdown cell line by CRISPRIi. Depletion of DIS3L?2 also
impaired oxidative stress-induced tRNA-TyrSY4 fragment levels in two independent human cell

lines (Figure 3.33a-d). DIS3L2 depletion selectively impaired tRF-TyrSY4 formation upon

I.GUA

oxidative stress, and did not cause pre-tRNA-Ty accumulation —consistent with DIS31.2

CUA CUA

mediating processing/maturation of a tRF-Ty precursor rather than the pre-tRNA-Ty

cleavage. These findings implicate the DIS3L2 tumor suppressor in tRF-Tyr%YA generation.
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Figure 3.33. tRF"¥" ¢y, induction is blunted by DIS3L2 depletion in human cell lines.

a, A northern blot for tRF™ sy, in CRISPRi-mediated DIS3L2 knockdown mcf10a cells after 1
hour of oxidative stress. b, quantification of (a). n=7 across three independent experiments
(normalized to U6 levels). A one-tailed Mann-Whitney test was used to test for statistical
significance. ¢, A northern blot for tRF"Y'gy, in DIS3L2 knockout HEK293T cells after 1 hour and
24 hours oxidative stress. d, quantification of tRNA™ gy, in (¢) after 1 hour of oxidative stress.
(n=1, two replicates, normalized to U6 levels.) As before, a single probe complementary to pre-
tRNA™Gua, mature tRNA™Gua, and tRF™gua was 3?P-labeled and used for detection. Data
represent mean + s.e.m. *p < 0.05, **p < 0.01, and ***p < 0.001

3.9 Summary
We here identify and characterize an oxidative stress-mediated tRNA-TyrSY4 depletion response.

Oxidative stress simultaneously depletes mature tRNA-Tyr6U* to repress cell growth through

tyrosine-specific translation changes, and results in DIS3L2-dependent tRNA fragmentation to

79



produce tRF-TyrYA, which acts in trans with two well-studied RBPs, hnRNPA1 and SSB,
known to play roles in cell growth and tumor progression. These findings provide insight into the
dynamic landscape of noncanonical roles of tRNAs and their associated factors in modulating

translation and responses to cell stress.

CHAPTER 4. Discussion and Perspectives

4.1 Characterization of a tumor-suppressive tRNA synthetase: Implications and
Perspectives

In Chapter 2, we identify LARS, a specific tRNA synthetase, as a breast cancer tumour

suppressor. We show that repression of LARS reduces the charging and function of tRNA-

Leu®A¢ to suppress malignant transformation. Depletion of LARS reduced leucine rich protein

translation and expression, including that of two candidate genes, EMP3 and GGTS5, that we

further implicated in tumour suppression and proliferation. These findings suggest that LARS

regulates a tumour suppressive network. Moreover, they demonstrate that specific repression of a

tRNA synthetase can modulate translation of tumour suppressors enriched in a cognate codon.

We demonstrate that LARS downregulation promotes mammary tumour formation. These
findings are surprising; translational upregulation is classically thought to be a growth-promoting
process, as activation of multiple oncogenes including MYC, AKT and PI3K drives transcription
of ribosomal RNA and ribosomal protein genes**#°. Furthermore, translational upregulation by
MYC has been found to be pro-oncogenic through translational upregulation of specific genes'?>.
As such, in the context of global translation upregulation, specific mechanisms are needed to
prevent translational enhancement of tumour suppressors. We propose that LARS serves such a

purpose, given that specific tumour suppressive genes are enriched in leucine codons that are
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decoded by cognate tRNAs sensitive to LARS expression. It has previously demonstrated that
nutrient stress and amino acid availability can impact tRNA charging and translation**#>82 and
specific tRNA synthetases have been implicated in promoting oncogenesis>. Our findings
provide novel evidence in mammalian cells of tRNA synthetase-mediated suppression of
translation in a cognate codon-dependent manner serving a tumour suppressive function in

mammary cells.

We noted a reduction in not only charged, but also total tRNA-Leu isoacceptors by charged
tRNA profiling in the context of reduced LARS expression. This finding is consistent with
literature demonstrating that uncharged tRNAs are less stable than their charged counterparts,
leading to tRNA degradation®. Therefore, LARS contributes to both reduced charging and
subsequent destabilization of tRNA species. We also observe the most substantial reduction in
more common tRNA-Leu species. Whether or not more common or more rare isoacceptors are
affected first is thought to be dependent on cell type and state; however, these findings for
leucyl-tRNA charging are consistent with previous reports that examined the role of amino acid
depletion on tRNA charging, where the authors find that more common tRNA-Leu“AS, tRNA-
Leu”4S and tRNA-Leu™®¢ to be the first tRNAs affected in nutrient deprivation*%2. These
findings reveal that tRNA synthetase depletion and amino acid limitation, though both rate
limiting, may not affect mature tRNA populations in the same way and are instead cell type and
cell state dependent. Indeed, the role of tRNA synthetases in regulating charged tRNA pools has
been recently attributed to reduced ability of tRNA synthetases to bind and sequester uncharged

tRNAs!3¢. In sum, further research is warranted especially in the context of in vivo models to
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examine the regulatory effects of tRNA synthetases on tRNA abundance and the maintenance of

charged tRNA pools.

One important aspect of LARS-mediated tumor suppression that remains relatively unexplored is
the corresponding dynamics of leucine amino acid pools. Leucine is an essential amino acid,
therefore cells rely exclusively on uptake for maintenance of cellular pools. Its main cellular
metabolic function is in ketogenesis, through breakdown by branched-chain keto-acid
dehydrogenase (BCKD)!*". Our in vivo tumor metabolite profiling of the branched chain amino
acids in LARS knockdown tumors demonstrated no change in intratumoral concentrations of
leucine, isoleucine or valine (Figure 2.14). A possible explanation for this is that intracellular
leucine reservoirs are large relative to the amount of leucine used in maintaining charged tRNA
populations, so LARS depletion fails to meaningfully impact overall pools. It is also possible that
intracellular concentrations are maintained by increased export or reduced uptake in LARS
depletion, to avoid excessive accumulation or depletion of free leucine. These possibilities could
be explored by more in-depth metabolite profiling, for example of cellular import and export

fluxes, TCA cycle uptake rates and usage by carbon tracing experiments.

We also consider the cellular rationale behind usage of leucine-rich protein translation to enact a
tumor-suppressive program. Leucine is the most incorporated amino acid into the proteome and
accounts for 10% of overall protein translation®*; this could provide an unique opportunity for a
potential regulatory handle that would impact many proteins, most of which contain some level
of leucine codons for function. As a branched chain amino acid, leucine is structurally similar to

isoleucine and valine as all contain small hydrophobic side chains. This structural overlap may
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produce some functional redundancy, allowing for a unique role for leucine in regulating protein
synthesis in relatively leu-rich or leu-poor proteins. An analysis of functional enrichment in
leucine-rich proteins compared to isoleucine or valine-rich proteins could be elucidating in this
realm, to assess the potential differential functional enrichment for proteins between these

similar amino acids.

Another unique feature of leucine translation that could provide insight is the usage of six unique
codons to incorporate it within the translatome, which are decoded by 5 distinct tRNA species.
This level of redundancy is relatively unique; only arginine and serine also have 6 unique
codons, and Ser codons are decoded by only four unique tRNA isoacceptors. It has been well-
documented that translation efficiency and speed are slowed by rarer codon usage, or reduced
tRNA abundance®:!''4. Thus, tRNA isoacceptor redundancy and multiple codon usage of leucine
in particular may allow for more nuanced coordinated control of translation when incorporating
Leu amino acids into proteins and may provide a distinctive regulatory handle that allows for

leucine incorporation into proteins.

One mechanistic question worth exploring relates to how a specific tRNA synthetase affects
tRNA charging differentially between isoacceptors. One potential explanation lies in aaRS
recognition of the tRNA backbone, where structural and modification differences across different
species may affect aaRS affinity. Interestingly, an exploration of sequence similarities across
tRNA-Leu species highlights two distinct structural classes, with tRNA-Leu®S, tRNA-Leu?AS
and tRNA-Leu™S having the greatest sequence overlap, with tRNA-Leu“** and tRNA-Leu™ as

more distinct species (Figure 4.1).
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Sequence Alignment of tRNA-Leu Isodecoders

AAG-1-1 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG CTCCAGT. . . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-1-2 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG CTCCAGT. . . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-1-3 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-2-1 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-2-2 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-2-3 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-2-4 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
AAG-3-1 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTAAGG. . CTCCAGT . CGTGGGTTCAAATCCCAC.CGCTGCCA
AAG-4-1 GGTAGCGTGGCCGAGT.GGTct.A.AGACGCTGGATTAAGG. . CTCCAGT . CGTGGGTTTGAATCCCAC.CGCTGCCA
TAG-1-1 GGTAGCGTGGCCGAGC.GGTct.A.AGGCGCTGGATTTAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
TAG-2-1 GGTAGTGTGGCCGAGC.GGTct.A.AGGCGCTGGATTTAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CACTGCCA
TAG-3-1 GGTAGCGTGGCCGAGT.GGTct.A.AGGCGCTGGATTTAGG. . CTCCAGT . CGTGGGTTCGAATCCCAC.CGCTGCCA
CAG-1-1 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-2 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-3 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-4 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-5 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-6 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-1-7 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TCCTGACA
CAG-2-1 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TTCTGACA
CAG-2-2 GTCAGGATGGCCGAGC.GGTct.A.AGGCGCTGCGTTCAGG TCGCAGT. . . CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-2-1 GTCAGGATGGCCGAGT.GGTct.A.AGGCGCCAGACTCAAGcttactgcttecctgtgttcgggtcTTCTGGT. .CTCC. .GTAT. .. ... GGAGG.CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-3-1 GTCAGGATGGCCGAGT.GGTct.A.AGGCGCCAGACTCAAGttgctacttcccaggtttgggge.TTCTGGT. .CTCC. .GCAT...... GGAGG.CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-1-1 GTCAGGATGGCCGAGT.GGTct.A.AGGCGCCAGACTCAAGctaagcttccteccgeggtgggga.TTCTGGT. .CTCC. .AAT. . vt GGAGG.CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-1-2 GTCAGGATGGCCGAGT.GGTct.A.AGGCGCCAGACTCAAGcttggcttecctegtgttgagga. .TTCTGGT. .CTCC. .AAT. ... ... GGAGG.CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-4-1 GTCAGGATGGCCGAGT.GGTct.A.AGGCGCCAGACTCAAGgtaagcaccttgcctgeggget. .TTCTGGT. .CTCCGG. v v ATGGAGG.CGTGGGTTCGAATCCCAC.TTCTGACA
CAA-5-1 GCCTCCTTAGTGCAGTAGGT...A.GCGCATCAGTCTCAAA . ccteeeesecassacansanns ATCTGAAtG. e ceeeeenecacnacanns GtCCTGAGTTCAAGCCTCAG.AGGGGGCA
CAA-6-1 GTCAGGATGGCCGAGC.AGTCttA.AGGCGCTGCGTTCAAA. v v e e eeanaaaaaaaaannnnn TCGCACC..CTCC..GCT.vuuunn GGAGG.CGTGGGTTCGAATCCCAC. TTTTGACA
TAA-2-1 ACCGGGATGGCCGAGT.GGTt..A.AGGCGTTGGACTTAAG . c v v eeeeanaaaanananannnn ATCCAAT..GGGCTGe v e vvunn GTGCCCG.CGTGGGTTCGAACCCCAC.TCTCGGTA
TAA-1-1 ACCAGGATGGCCGAGT.GGTt..A.AGGCGTTGGACTTAAG. ccceeeesseaaasacanaanns ATCCAAT..GGAC..ATAT...... GTCCG.CGTGGGTTCGAACCCCAC.TCCTGGTA
TAA-3-1 ACCAGAATGGCCGAGT.GGTt..A.AGGCGTTGGACTTAAG . c v v eseenaanaaaanaanannn ATCCAAT..GGAT..TCAT...... ATCCG.CGTGGGTTCGAACCCCAC.TTCTGGTA
TAA-4-1 ACCGGGATGGCTGAGT.GGTt..A.AGGCGTTGGACTTAAG . v v esesananaananannnnnn ATCCAAT..GGACAG.:eeeenn GTGTCCG.CGTGGGTTCGAGCCCCAC.TCCCGGTA

Figure 4.1. tRNA-Leu isoacceptor sequence overlaps form two distinct subtypes.

Leucine has been implicated specifically as a regulator of GCN2 kinase, a specific sensor of
uncharged tRNAs that are generated through global amino acid starvation. In this mechanism,
uncharged tRNAs bind to GCN2 and activate it'*¥; GCN2, along with leucine specifically, can
suppress translation and regulate mMTORCT activity!**-'*!. These findings are intriguing in the
context of our work, where we find LARS reduced leucyl-tRNA charging. However, for a
number of reasons we believe our findings drive a unique gene expression program, rather than
contributing to global translation changes. Most importantly, we see minimal effects on global
translation. We demonstrate through polysome profiling in LARS-depleted 4TO7 cells that
polysome traces between these groups are not significantly different in terms of monosome and
polyribosome association of transcripts (Figure 2.17). An in vivo experiment measuring o-
propargyl-puromycin incorporation might be an interesting complementary study to elucidate

potential changes in global translation, or lack thereof. Moreover, we do not observe changes in
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intratumoral leucine pools, which may explain the lack of global translation repression by our

proposed mechanism.

There is a growing body of work that documents a noncanonical role for LARS as an
intracellular leucine sensor that directly regulates mTOR signaling upon leucine deprivation’2.
This pro-tumor role has led to speculation that LARS may act as an oncogene in some contexts,
which has been probed in lung cancer®. These findings are in contrast to our breast cancer
results, where LARS is a tumor suppressor. Several possible explanations exist. The first is, it
may be that the tumoral contexts of our work already have hyperactivated mTOR signaling,
rendering a further activation of mTOR by LARS comparatively ineffective in furthering growth.
It is also possible that our systems harbor loss of function of TSC2, a tumor suppressor gene
responsible for attenuating mTOR activity and growth promotion'*?, making mTOR signaling
ineffective as a regulatory checkpoint in these particular cancer contexts. Both of these
possibilities are likely, given the lack of changes in endogenous S6 and S6K phosphorylation in
our contexts (Figure 2.15). Consistently, we see attenuation of tumor growth when specifically
inhibiting the mTOR-associated function of LARS without impairing catalytic activity, which
may imply this enzyme is pleiotropic and multifunctional even in cancer (Figure 2.16).
Therefore, it is important to consider the potential oncogenic role of LARS in certain cancer

contexts as well.

Interestingly, we noted a number of upregulated oncogenes in the TMT-proteomics data in
LARS-depleted tumors compared to control tumors, including Erbb2, Rab17a and Relll. These

data are encouraging in identifying LARS as a tumor suppressor, whose depletion may relieve
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repression of oncogenic expression to further drive transformation. However, while the tumor
suppressive proteins downregulated in LARS depletion were relatively Leu-enriched, these
upregulated oncogenes were not correspondingly Leu-depleted. This may suggest alternative

tumor suppressive mechanisms downstream of LARS, warranting further study.

While we have identified specific proteins as downstream mediators of LARS-dependent
translational regulation of tumourigenesis, we uncovered a larger set of LARS-dependent
translationally regulated genes that may govern additional phenotypes and processes. Future
studies are needed to explore these additional pathways that may uncover unanticipated roles for
LARS-mediated translation regulation in metabolic and homeostatic regulation. More broadly,
our findings motivate systematic studies across tRNA synthetases as dynamic translational

regulators of gene networks subserving various biological processes in health and disease.

4.2 Ribonuclease-dependent tRF generation: implications and perspectives
We identify DIS3L.2, a human exoribonuclease, to be important in generation of tRF-TyrVA,

These findings are relatively surprising: DIS3L2 is thought to specifically interact with and
cleave oligo- or polyuridylated RNAs!#, but has not previously been demonstrated to cleave
tRNAs. DIS3L2 has been implicated in degradation of uridylated let-7 — a tumor-suppressive
microRNA — in Wilms tumor, and is mutated in the overgrowth disorder Perlman syndrome!#+14.
Interestingly, DIS3L.2 depletion in both mammalian cells and C.elegans only partially abrogated
H,0,-mediated tRF-Tyr6UA generation. This may suggest cooperative cleavage mechanisms or
dependence on multiple ribonucleases in concert. This is particularly notable as, despite
abrogation of tRF induction in DIS3L2 depleted cells, there is sustained reduction in pre-tRNA-

Tyr¢Y2 levels comparable to control conditions (Figure 3.33). This reduction in pre-tRNA may
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suggest cleavage by an alternative mechanism, with DIS3L2 serving to stabilize the tRF. In this
mechanism, reduced DIS3L.2 reduces the stability of the tRF and increases turnover, resulting in
an overall reduction of tRF pools. Though further studies are needed to fully characterize the
mechanism of tRNA-TyrY* cleavage, the implication of DIS3L?2 as a regulator of this process

highlights the importance of tRF-TyrSY4 generation as a tightly coordinated process.
ghiig p y g ghtly p

4.3 Summary and Perspectives: tRNA modulation of translation in cellular physiology and
disease
In this thesis, we describe two complementary stories of translation regulation through
expression and availability of two tRNAs and their associated factors; a tRNA synthetase
(LARS) and a tRNA fragment (tRF-TyrY4). In both cases, tRNA depletion serves to reduce
candidate proteins that are relatively enriched in the cognate codon, though for different tRNAs
and amino acids. Both of these examples illustrate the power of translation control in altering
gene expression programs, in the context of malignancy or other cellular stress. Our findings

help to further characterize the broader principles of post-transcriptional gene regulation and

their potential in mitigating downstream disease phenotypes.

One intriguing avenue for future study would be to establish a more generalizable pipeline for
detection of amino acid or codon-specific translation differences in different cell types and states.
We here implicate leucine-rich protein translation in regulating a tumor suppressive network in
breast cancer, and tyrosine-rich protein translation in reducing growth-related translation under
cellular stress. To identify other cellular states that may be in part regulated by codon-specific
translation, a general pathway analysis within different cell types could be conducted and

correlated to relative codon enrichment within all genes. Relative expression of tRNAs and
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tRNA associated factors could also be correlated to this information. A pipeline could be
constructed to pool genomic data, mRNA and tRNA expression data between different cell types
to identify putative amino acid and codon-specific changes that may drive cellular expression

programs and identify further candidates regulated by translation in this manner.

Studies of this kind are also essential in offering insights into novel therapeutic targets. Though
tRNAs themselves are essential for normal physiology, the associated factors described here are
more targetable and may have less deleterious side effects from a therapeutic perspective. Future
studies could capitalize on this approach; for example, while we describe a tumor suppressive
program regulated by LARS and select leucyl-tRNAs, other tRNA synthetases exist that exert
oncogenic roles in certain tumor subtypes. It would be intriguing to target translation through
suppression or pharmacological modulation of these oncogenic drivers. In the case of therapeutic
approaches to tumor suppressor genes, while re-expression of tRNAs may not alleviate
downregulation of LARS as a loss of tumor suppressive effects, it may be intriguing to explore a
rescue with a similar tRNA synthetase, IARS or VARS. Isoleucine and valine are structurally
and chemically similar to leucine, and while tRNA synthetases are thought to be highly specific
for the tRNAs and amino acids they bind, compensatory or complementary mutations in critical
binding pockets could be explored to generate or alter an existing tRNA synthetase that could
rescue LARS downregulation in transformation. In sum, this exciting avenue offers a myriad of
possibilities for future study, to highlight and target novel pathways and processes and mitigate

their role in human health and disease.
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CHAPTER 5. Materials and Methods

5.1 Cell Culture
MCF10A cells were cultured in DMEM/F12 media supplemented with 5% horse serum and final

concentrations of 20 ng/ml of EGF, 0.5 ug/ml of hydrocortisone, 100 ng/ml of cholera toxin, and
10 pg/ml of insulin.

EO771,HCC1806 and LM2C cells were cultured in RPMI media supplemented with 10% FBS,
ImM glucose, 10 mM HEPES and 1 mM sodium pyruvate. 293T, MDA-MB-231, T47D,
NMuMG 4T07,4T1 and 67NR cells were cultured in DMEM media supplemented with 10%
FBS.

HBEC3O0 cells were cultured in keratinocyte- SFM media with the included supplements of BPE
and EGF. All human cell lines were STR tested and all lines were routinely tested for
mycoplasma contamination.

Oxidative stress was induced with 200 uM H202 or 50 M of menadione (Sigma) dissolved in

DMSO. RNA was then isolated by TRIzol and isopropanol precipitation as described below.

5.2 Generation of stable cell lines
Lentivirus was produced in 293T cells grown in 10 cm plates. Cells were transfected with either

two-vector or three-vector lentivirus production plasmids. For two-vector lentiviral production,
1.7 ug and 2.6 ug of packaging plasmids pMD2.g and psPAX2 respectively, 3.4 ug of
pLKO.purol vector containing the appropriate shRNA, using 40 L. Lipofectamine 2000
(Invitrogen). For three-vector lentiviral production, 3 ug of each packaging vector (pRSV-Rev,
pCMV-VSVG-G, and pCgpV) were transfected with 9 ug of the appropriate hairpin in a pLKO-
backbone vector using 30 u1 of Lipofectamine 2000 (Invitrogen). After 24 hours, the media was

replaced with fresh media and virus-containing supernatant was harvested 48 and 72 hours after
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transfection. The supernatant was filtered through a 0.45 ym filter before 1-2 mL of virus was
used with 8ug/mL polybrene to transduce pre-plated 4T07, MCF10A or NMuMG cells at 75%
confluence. Following 24 hours of transduction, selection was conducted using 4 yg/mL
puromycin (4T07) or 1yg/mL puromycin (MCF10A, NMuMG). mRNA and protein knockdown

were validated by qPCR and western blot, respectively.

5.3 Generation of CRISPRI cell lines
A non-targeting control sgRNA and 4-5 target specific sgRNAs targeting DIS3L2 (generated

using the ChopChop tool'*®) or tRNAs (generated from all PAM sequences within 200bp of
tRNA transcription start site that were unique among isoacceptors) were cloned into lentiGuide-
Puro (Addgene #52963). The individual sgRNAs were subsequently transduced into MCF10A
cells stably expressing pHR-SFFV-dCas9- BFP-KRAB (Addgene #46911), and the cells
expressing the sgRNAs were enriched for using 1 or 1.2ug/ml puromycin selection. Cells with
the strongest knockdown of DIS3L2 (>90%) by Western blot or of tRNA by Northern blot were
subsequently used for experiments, with the following guide sequences: sgRNA- DIS3L.2-A:
CGCGGCGTTCTAGAGAGCGA, sgRNA- LeuCAG-1: ACGCAGCGCCTTAGACCGCT,

sgRNA- LeuCAG-2: CAGGATGGCCGAGCGGTCTA.

5.4 PyMT transformation
Mammary epithelial cell lines were seeded to 70% confluence and transduced the following day

with lentivirus expressing pH3-PyMT as described above. After 24 hours of transduction,
blasticidin selection was performed for 3 days and cells were treated with 10 M pifithrin-o

(Sigma) for 5 days.
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5.5 Colony formation assays
600 cells were plated in 24-well plates, (or 3,000 cells in 6-well plates), in 0.6% Noble agar in

standard tissue culture media, atop an underlay of 1% Noble ager and 2X cell culture media.
Cells were cultured at 37°C for 18 days and colonies were stained with 0.005% crystal violet and
visualized on ChemiDoc Chemiluminescence reader. Colonies formed per 600 cells were

counted manually.

5.6 Transient tRNA-Tyr¢UA overexpression
Overexpression constructs for tRNATyrS"* were made as follows: 3 copies of tRNATyr¢VA, per

plasmid, were synthesized (Genewiz) into the pUCS57-KAN vector. Each copy had 150nt
upstream and 90nt downstream genome sequences included but did not include the intron
sequence. This vector or an empty pUCS57-KAN vector were transiently transfected using

Lipofectamine 3000 (Invitrogen).

5.7 Using tRF-Tyr¢* mimetic to identify interacting proteins
A 5’ biotinylated 37-nucleotide tRF-Tyr¢"* mimetic (CCUUCGAUAG-

CUCAGCTGGUAGAGCGGAGGACUGUAG) and a scrambled control oligo
(GAGACCAGGGUACGCAAUCGAGUUGUUGGGCACUCUG) were synthesized (IDT).
Each mimetic was incubated at 4°C with equal amounts of MCF10A cell lysate containing
protease inhibitor that had been pre-cleared for debris and by the control oligo. Proteins bound to
our mimetic were co-precipitated by MyOne-C1 Streptavidin Dynabeads (Invitrogen) and
washed twice with a low salt wash buffer (50 mM Tris— HCI pH 7.5, 150 mM NaCl) and twice
with a high salt wash buffer (50 mM Tris—HCI pH 7.5, 400 mM NaCl) before being submitted to

the Rockefeller University Proteomics Resource Center.
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5.8 RNA stability of hnRNPA1 bound transcripts
MCF10A cells were reverse transfected with a control siRNA or siRNA targeting hnRNPA 1

with either a tRFTyrGUA mimetic or a scrambled mimetic using Lipofectamine RNAimax
(Invitrogen). For the converse experiment, siRNA was reverse transfected as above into
MCF10A cells using Lipofectamine RNAimax. A miRNA inhibitor (LNA) targeting
tRFTyrGUA (GAUAGCUCAGUUGGUAGAGCG- GAGGA) or non-targeting control
(UCGUUAAUCGGCUAUAAU ACGC) was directly transfected 24 h later. After 48 h, half of
the samples were treated with a-amanitin (10 mg/ml, Sigma) and incubated for 8 h while the
other half were processed as the 0 h time point. RNA was extracted using TRIzol and RNA-seq
libraries were prepared using QuantSeq 30 mRNA-seq kit (Lexogen) or TruSeq RNA Library

Prep (Illumina) following the manufacturers’ instructions.

5.9 SSB HITS-CLIP with and without RNase
HITS-CLIP for endogenous SSB was done as previously described!?*, with the modifications

previously used for YBX1 small RNA CLIP#*. MDA-MB-231 cells were UV-crosslinked at 400
mlJ/cm? before cell lysis. Samples with and without RNase treatment were immunoprecipitated
with an anti-SSB antibody for protein-RNA complexes. Polyphosphatase (Lucigen) was
incubated with smRNA samples before ligation and PCR amplification with previously
described primers®®. Constructed libraries were sequenced on the Illumina HiSeq2000 at the

Rockefeller University Genomics Center.

5.10 RNA isolation and purification
RNA was extracted from cells with either Norgen BioTek Total RNA isolation kit following the

manufacturers instructions, or using TRIzol reagent (Life Sciences) followed by isopropanol

precipitation at -20°C. After centrifugation at maximum speed (~21,000 x g) in a pre-chilled

92



tabletop microcentrifuge, RNA pellet was washed twice with cold 75% ethanol following

resuspension in RNase free water.

5.11 Northern Blot
Purified RNA was run on a 10% Urea-PAGE gel before being transferred onto a nylon

membrane and UV crosslinked (240 mJ/cm?). The membrane was pre-hybridized in UltraHyb-
Oligo buffer (Ambion) at 42°C. DNA oligos were radiolabeled with [y-*P] ATP using T4 PNK
(NEB) and further purified by G-50 columns before incubating with the blot overnight. After
hybridization, the blot was washed twice with SSC and SDS buffers before being developed.
Quantification was done using FIJI (ImageJ) where the intensity of each band over background
was measured and normalized to U6 levels.

Table 5.1. 2P labeled probes used for detection by northern blot

Target Species Sequence

tRNA-Leu“rS | H.sapiens, M.musculus | AGGGGAGACTGCGACCTGAACG
tRNA-Leu™S | H.sapiens, M.musculus | CTCCGAAGAGACTGGAGCCTAAA
tRNA-Leu?AS | H.sapiens, M.musculus | CCCCGAAGAGACTGGAGCCTTAA

U6 H .sapiens CACGAATTTGCGTGTCATCCTT

[8]9) M musculus GCCATGCTAATCTTCTCTGTATCGTTCCAAT
tRNA-Tyr6% | H.sapiens ACAGTCCTCCGCTCTA CCAGCTGA
tRNA-Tyr6% | C.elegans ACAGTCCTCCGCTCTACCAACTGA
tRNA-LeutA¢ | H.sapiens CAGCGCCTTAGACCGCTCGGCCA
tRNA-His®YS | H.sapiens AACGCAGAGTACTAACCACTATACG
tRNA-GIuYY¢ | H.sapiens GCGCCGAATCCTAACCACTAGACCA

Ul H sapiens CAAATTATGCAGTCGAGTTTCCCACATTTG

5.12 Charged tRNA profiling

5.12.1 Acidic RNA extraction

1 day prior to RNA extraction, MCF10A, HCC1806 and HCC1806 LM2C cells were plated to
be 80% confluent at time of RNA harvest. On the day of harvest, cells pellets were lysed in 600

ul cold lysis buffer (0.3 M NaOAc, pH 4.5, 10 mM EDTA pH 8), and extracted twice with
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equivalent volume acidic phenol chloroform (pH 4.5, ThermoFisher). During each extraction,
samples were vortexed 3 times for 30 seconds prior to centrifugation for 10 minutes at maximum
speed in a cold microcentrifuge, and the aqueous layer was transferred to anew tube. Nucleic
acids were precipitated with 2.5 volumes of ethanol and 2 1 GlycoBlue (Invitrogen) overnight.
Following nucleic acid recovery by 20 minute cold centrifugation at maximum speed, a second
precipitation was conducted in 2.5 volumes of ethanol and 2 L. GlycoBlue. Precipitations were
centrifuged for 20 minutes at maximum speed at 4°C, and nucleic acids were resuspended in 30

uL of 10 mM NaOAc (pH 4.5).

5.12.2 Sodium periodate oxidation and precipitation
To oxidize free 3’OH on uncharged tRNAs, for each sample, 20 g RNA (at concentration 0.1

ug/ul) was treated with 50 mM NalO, (or 50 mM NacCl as a control), in the presence of 100mM
KOACc (pH 4.8). Samples were incubated at 22°C for 30 minutes, and 100 mM glucose added to
quench the reaction for an additional 5 minutes. To clean up and enrich for tRNAs, samples were
filtered through microRNA enrichment columns (microRNA Purification Kit, Norgen Biotek)
according to the manufacturer’s instructions. Following ethanol precipitation, samples were
filtered through a Sephadex G25 column (GE Life Sciences) to remove excess NalO, and

precipitated twice with ethanol premixed with 0.1x NaOAc (3M, pH 4.5) and 2 L GlycoBlue.

5.12.3 tRNA profiling
tRNA profiling was conducted as previously described®. Briefly, samples were deacylated with

0.1 M Tris-HCI (pH 9) at 37°C for 30 minutes followed by ethanol:isopropanol precipitation.
0.75 ug of each sample was biotinylated using Pierce RNA 3’ End Biotinylation Kit (Thermo

Fisher), with 0.66 pmol of yeast tRNA-Phe added as a spike-in standard. Following chloroform
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extraction, biotinylated RNA was hybridized to DNA probe pairs complementary to the 3’ and 5’
arms of each tRNA isoacceptor. Nicks at the anticodon loop of DNA-RNA hybrids were ligated
using SplintR ligase followed by T4 DNA ligase (NEB). DNA-RNA hybrids were purified using
My-One-C1 Streptavidin Dynabeads (Invitrogen), and ligated probes were eluted after RNase H
and RNase A treatment. Probes were PCR amplified and sequenced using Illumina NextSeq
(MidOutput, 150 SR) at the Rockefeller University Genomics Center. For computational
analysis, fastq files were aligned to tRNA probe sequences using bowtie2, and reads were further
sorted, indexed, and counts were generated with samtools. Raw counts were imported into R

4.0.2 and differentially expressed transcripts determined using DESeq?2.

5.13 Quantitative RT-PCR
To measure mRNA transcript levels, RNA was converted to cDNA (SuperScript III, Life

Technologies) followed by Fast SYBR™ Green quantification (Life Technologies) according to
manufacturer’s instructions. Expression levels of mRNA were performed with either an ABI
Prism 7900HT Real-Time PCR System (Applied Biosystems) or a QuantStudio 5 Real-Time
PCR System (Applied Biosystems) using target-specific primers.

Table 5.2. Target-specific primers used for qRT-PCR.

Target Gene Organism Sequence
LARS H sapiens GGACAGCCTTGCATGGATCAT
TAGATGGGTATGGCTCAAGCA
GAPDH H .sapiens AGCCACATCGCTCAGACAC
GCCCAATACGACCAAATCC
AARS H sapiens GGGGCAAACATAATGACCTGG
GCCAAACTCTTGGGTGAGGA
CARS H sapiens CCATGCAGACTCCACCTTTAC
GCAATACCACGTCACCTTTTTC
DARS H .sapiens ATCGAGTTTTGGTTCGGGTTAG
TCCCTTTAGCTCTGCTTGTATGA
EPRS H sapiens GTGTTTGGGCCACCCTAAAAG
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CTGGAGGAAATCTGACGGTAAC

FARSA H sapiens CCCAGAGCGAGCTTATGCG
CACCCGAATCCACTTGTTGG
FARSB H .sapiens AAGGATTGGTTCGAGGACTTCA
CCATCAGGCATTACCCGTTTAT
GARS H sapiens ATGGAGGTGTTAGTGGTCTGT
CTGTTCCTCTTGGATAAAGTGCT
HARS H .sapiens GTGGCGAAACTCCTGAAACTG
AAGCAACGGATGATTACGTCAA
IARS H .sapiens CTGTTAGCAGACTTGGCCGAT
AGAAGGGCATGACTTTCACAC
KARS H .sapiens GAGCTGAGCATCATTCCGTATG
GGCGATACCTTGTTTCCTTGT
MARS H .sapiens ATCTGGCTGGGAGCAAGATGA
GGACCACTAAATAGTACAGGGCA
NARS H .sapiens ACCATCTCGCAACACCAGAAA
CTGGTGTTGCGAGATGGTACA
QARS H .sapiens TCCCGACTCAGGGATACCC
CTCCGCACATACTCAAGGGC
RARS H sapiens ACTGTGGCTGTTTAGGAGCTT
ACCTCTTGTAGGCGGCTAATAA
SARS H .sapiens CAGCCCTCATCCGAGAGAC
TCTGCCCGAAATCTACATCGT
TARS H .sapiens GGAGAAGCCGATTGGTGCT
TCAACTCAGCTCGACCTCCAT
VARS H .sapiens TACGCCGACACGGAGTTAATA
TCTAGGACGTATCGGAAAGGC
WARS H sapiens AGCACCTACCAGTAATCATGGC
TCCAAACCGAACAATGAGCTT
YARS H .sapiens ACCTCCACGCATACCTGGATA
TTGCTGAGCTGGTAATCAGTG
Lars M musculus GAGCAGCAAGGGCAAATACTT
GAAAACGTGTGTCCCAAATGAAG
Gapdh M musculus GAGAGTGTTTCCTCGTCCCG
ACTGTGCCGTTGAATTTGCC
Emp3 M musculus TCTCCGGGGCACTCATCTATG
GCGAAGCAGTAACCGAAGC
Ggt5 M musculus TGCTGGGTGTAGGTCTAGGTC

TGCTGGGTGTAGGTCTAGGTC
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5.14 Polysome profiling and sequencing

5.14.1 Lysate preparation and fractionation

Polysome profiling was adapted from previously described protocols!#’. Cells were plated for
harvest at 80% confluence to optimize polysome content (n=3 per condition). Prior to lysis,
plates were treated for 5-7 minutes with media containing 100 xg/mL cycloheximide (Alfa
Aesar). Following PBS wash, plates were flash frozen in liquid nitrogen and lysed via scraping
using 425 uL polysome lysis buffer (5 mM Tris HCl pH 7.5,2.5 mM MgClI2, 1.5 mM KCl, 100
pug/mL cycloheximide, 2 mM DTT, 0.5% Triton X-100, 0.5% sodium deoxycholate, 100 units of
SUPERase*In RNase Inhibitor (Invitrogen), and 1x Protease Inhibitors EDTA-free). Lysates
were then spun at high speed at 4°C for 7 minutes to pellet nuclei. Supernatant was transferred to
a new tube and the RNA concentration was measured using the Quant-iT RiboGreen assay (Life
Technologies). 10-50% sucrose gradients were mixed using a Biocomp gradient master with the
following conditions: Short Cap, 10% - 50% WV Step 1, 1:50 minutes, 80° angle, 21 speed.
Following loading of 150 pg of each lysate, gradients were spun using SW41 rotor at 38,000

RPM for 2 hours at 4°C. Gradients were fractionated into 16 fractions, using a Triax FlowCell

Gradient Fractionator according to the manufacturer’s instructions.

5.14.2 Fraction pooling and sequencing analysis
Based on A280 UV peaks, fractions were pooled based on highly translated (3+ ribosomes) and

lowly translated (1-2 ribosomes) and RNA was extracted using Trizol LS reagent (Life sciences)
according to the manufacturer’s instructions. 1 #g of RNA was used as input for RNA
sequencing library preparation using TruSeq RNA Library Prep (Illumina). Constructed libraries
were sequenced using [llumina NextSeq (High Output, 75 SR) at the Rockefeller University

Genomics Center. For analysis, fastq files were aligned to mouse genome (mm10) using STAR
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(v2.5.2a) and reads that were aligned to coding sequences were counted using featureCounts.
Raw counts were imported into R and differentially expressed transcripts determined using

DESeq2.

5.15 RiboTag immunoprecipitation and sequencing
Tumours were extracted from 24-week old animals and processed as previously described’s-1%4,

Briefly, 50 mg of isolated flash frozen tumours were lysed in 10% w/v homogenization buffer
(1% NP-40, 100 mM KCl, 50 mM Tris pH 7.4, 12 mM MgCl,, 1 mM DTT, 200 U/mL Promega
RNasin (Promega), 1 mg/mL heparin, 100 pg/mL cycloheximide, protease inhibitor (Sigma))
using a microtube homogenizer (Cole-Parmer). Following 10 minute spin at maximum speed in a
cold microcentrifuge, cleared samples were incubated with 100 xL of conjugated anti-HA
magnetic beads (ThermoFisher, #88836) for 1 hour rotating at 4°C. Samples were magnetized
and bead pellets were washed three times in high salt buffer (50 mM Tris, pH 7.4, 300 mM KCl,
12 mM MgCl,, 1% NP-40, 1 mM DTT, 100 pg/mL cycloheximide). RNA isolation was
conducted using 350 L. Qiagen RLT buffer supplemented with 2-mercaptoethanol added
directly to washed beads. Total RNA extraction was completed using RNeasy Micro Plus kit
(Qiagen) according to the manufacturer’s instructions. 500 ng of RNA was used for RNA
sequencing library preparation using TruSeq RNA Library Prep (Illumina). Constructed libraries
were sequenced using [llumina NextSeq (High Output, 75 SR) at the Rockefeller University
Genomics Center. For analysis, fastq files were aligned to mouse genome (mm10) using STAR
(v2.5.2a) and reads that were aligned to coding sequences were counted using featureCounts.
Raw counts were imported into R 4.0.2 and differentially expressed transcripts determined using

DESeq2.
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5.16 Ribo-Seq

5.16.1 Sample isolation and library preparation

Ribosome profiling was conducted as previously described'®. Briefly, cells were washed and
flash frozen with liquid nitrogen before being lysed with lysis buffer containing cycloheximide
(Alfa Aesar). Lysate was digested with RNase I (Lucigen) before ribosomes were isolated
through ultracentrifugation through a sucrose cushion. The ribosome pellet was resuspended in a
solubilization buffer containing 0.5% SDS and 1mM EDTA and TRIzol before RNA was
extracted using the Direct-zol kit (Zymo Research). RNA was separated on a 15% TBE-Urea gel
before RNA between 17nt and 34nt were gel extracted. Barcoded pre-adenylated linkers were
ligated using T4 RNA ligase 2 truncated K227Q (NEB) and rRNA was depleted using the Ribo-
Zero gold kit (Illumina) according to the manufacturer’s protocol. RNA was converted to cDNA
using SuperScript III (Life Technologies) and the RT product was circularized by CircLigase II
(Epicentre). A PCR library was amplified and sequenced using Illumina Nextseq (High Output,

75 SR) at the Rockefeller University Genomics Center.

5.16.2 Ribosome dwell time analysis

To assess the quality of ribo-seq data, we checked read length distribution and frame periodicity
— overall and stratified by read length —using the R package riboWaltz''*. Reads in the length
range of 28:36 were retained. We next calculated P-site offsets, and assigned reads to codon

positions to determine codon usage.

We compared ribosome dwell times at specific codons along transcripts with at least 10 reads in

all samples. Background translation rate for each transcript was determined as the median of
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non-zero rpf read counts among the codons after loess smoothing of observed counts. An excess
ratio was calculated at each codon position as the ratio of smoothed rpf counts at that position
divided by the transcript background. We named the geometric mean of excess ratios across
replicates “stalling bias coefficient” — which is proportional to ribosomal dwell time and
inversely proportional to codon decoding rate or local translation rate. Then, we compared the
relative dwell times at each codon type across cell lines using linear models in R and plotted the
results using the jtools package. shLars-3 and shLars-4 were compared to shCtrl as the reference

line.

5.16.3 Sequence discrepancy analysis

To assess the effect of clusters of Leu codons on local translation rates, we used a measure called
"sequence discrepancy" implemented in the R package DiceDesign which was developed based
on the theory expounded by Hickernell'*. Sequence discrepancy is in the range [0-1] with values
close to 0 corresponding to uniform (even) distribution and values close to 1 indicating strong
clustering of points. For each transcript, we calculated sequence discrepancy of Leu residues.
Discrepancy indices were log, transformed to reduce skewness. We regressed the average dwell
time (stalling bias coefficient) of Leu codons of each transcript against its log, transformed Leu
discrepancy. We also checked for potential confounding effects of transcript length and the total

number of Leu residues.

5.17 Protein isolation
5.17.1 Protein isolation in cultured cells
Pelleted cells were lysed using RIPA buffer (Life Sciences) using HALT protease inhibitor

cocktail (Sigma). Genomic DNA was sheared through a 27G needle, followed by centrifugation
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to clear cellular debris. Concentration of cleared protein lysates were quantified using BCA

protein assay kit (Thermo Fisher) according to the manufacturer’s instructions.

5.17.2 Protein isolation from flash frozen tissue samples
Flash frozen tissue samples of 50-100 mg were isolated over dry ice and lysed using 100-200 pL

RIPA buffer with HALT protease inhibitor cocktail. Tissue homogenization was conducted using
a microtube homogenizer (Cole-Parmer), followed by centrifugation and quantification of

cleared protein lysate as above.

5.17.3 Protein isolation from organoid samples
Organoid samples were digested from reduced growth factor Matrigel in 10mM EDTA in PBS

for 1 hour at 4°C, After centrifugation and resuspension in 20-40 uL. RIPA buffer, protein lysate

samples were cleared and quantified as above.

5.18 Western blot
Samples were heated with LDS buffer and reducing agent (Life sciences) before running on an

SDS-PAGE gel and transferred to a PVDF membrane (Bio-Rad). Membranes were blocked
using 5% BSA or Odyssey blocking buffer (PBS) and then incubated with target-specific
antibodies.

Table 5.3. Target-specific antibodies used for Western blot.

Target Company Product Number | Dilution
LARS Cell Signaling 13868S 1:1000
HSC70 (B6) | Santa Cruz sc-7298 1:3000
PyMT Novus Biologicals NB100-2749 1:2500
EMP3 Abcam Ab236671 1:500
GGT5 GeneTex GTX81477 1:500
o-tubulin Cell Signaling 3873S 1:1000
HARS Proteintech 16375-1-AP 1:1000
NARS Aviva Systems Biology | OAABO07325 1:1000
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IARS ThermoFisher PA5-44246 1:1000
HA BioLegend 901501 1:1000
Luciferase Proteintech 27986-1-AP 1:1000
YARS Abcam Ab150429 1:1000
EPCAM Proteintech 21050-1-AP 1:1000
SCD Proteintech 23393-1-AP 1:1000
USP3 Proteintech 12490-1-AP 1:1000
SSB MBL RNO74PW 1:1000
hnRNPA1 Santa Cruz Sc-32301 1:1000
hnRNPAO Bethyl Laboratories A303-941A 1:1000
DIS3L2 Novus Biologicals NBP2-38264 1:1000
Myc Cell Signaling 2276S 1:1000

5.19 Tandem mass tag proteomics
Flash frozen tissue samples were lysed as above in detergent free lysis buffer containing 20 mM

Tris-HCI pH 7.4, 100 mM KCI, 1 mM EDTA pH 8, 0.5% NP-40 and cOmplete protease
inhibitor (Sigma) and homogenized using a microtube homogenizer (Cole-Parmer). For
proteomic analysis, 100 pg of lysate was acetone precipitated and dissolved in 100 u1 8 M
Urea/50 mM triethyl ammonium bicarbonate/10 mM DTT. After 1 hour of incubation at room
temperature, reduced cysteines were alkylated with iodoacetamide (Sigma) in the dark for 1
hour. Proteins were extracted by chloroform/water/methanol precipitation, and then were
digested overnight using LysC endopeptidase and trypsin (NEB). TMT reagents (ThermoFisher
Scientific) were dissolved in neat acetonitrile and samples were labeled for 1 hour at room
temperature before quenching with 5% hydroxylamine. A label check was conducted to verify
labeling efficiency and stoichiometry. Samples were mixed based on the results from the label
check and the pooled sample was purified using a high-capacity Oasis HLB cartridge. Purified
peptides were fractionated using a reversed-phase high pH fractionation spin column

(Pierce). Each fraction was separated by low-pH reversed-phase nano-flow chromatography

across a 120-minute linear gradient and analyzed by SPS-MS3 acquisition using a Fusion Lumos
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mass spectrometer (Thermo Scientific). Spectra were queried against the Mus musculus
proteome using Sequest HT through Proteome Discoverer v. 2.5 (Thermo Scientific). Further

statistical processing was performed using Perseus v.1.6.5.0'%.

5.20 Animal studies
All animal work was conducted in accordance with protocols approved by the Institutional

Animal Care and Use Committee at The Rockefeller University. Lars™!a&OMPWsi kpockout mice
were obtained from KOMP Repository at UC Davis®. FIpE animals were obtained from the
Michel Nussenszweig laboratory. RPL22 floxed (Ribotag) mice were obtained from the Jackson

laboratory?.

5.21 Genetically initiated models of breast cancer

5.21.1 MMTV-PyMT LARS knockout model

Within the laboratory, C57BL/6 mice were crossed with MMTV-PyMT?, MMTV-Cre!%
positive mice for at least 8 generations to maintain a C57BL/6 background. Following FIpE-
mediated recombination, animals homozygous for Lars™'# were crossed to MMTV-Cre/MMTV-
PyMT hemizygous mice to generate heterozygous Lars deletion in the mammary tumour
compartment. Overall tumour burden was measured weekly beginning at week 12, when primary
tumours spontaneously begin to form, using digital calipers and calculating individual tumour
volumes as (smaller diameter)? x (larger diameter) x 7t/ 6. Animals were sacrificed at 24 weeks
of age (or at first sign of distress from excessive tumour burden), and mammary tumours were

isolated for histology, organoid generation, and flash frozen for RNA and protein extraction,

while lungs were isolated for paraffin fixation, all as described above.
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5.21.2 RiboTag
Homozygous RPL22 floxed (Ribotag) mice were crossed to MMTV-PyMT+; MMTV-Cre+;

heterozygous Lars knockout mice to generate animals heterozygous for HA-RPL22 in the

mammary tumour compartment, either heterozygous deletion of Lars or wild-type Lars

expression. Size-matched tumours were extracted from age-matched littermates at 24 weeks of

age for use in RiboTag studies.

Table 5.4. Genotyping primers and expected product sizes

Target Expected Size Primer Name Sequence
MMTV- | MMTV-PyMT 556 bp | PyMT Forward GGAAGCAAGTACTTCACAAGGG
PyMT Control 200 bp PyMT Reverse GGAAAGTCACTAGGAGCAGGG
PyMT Control-Forward | CAAATGTTGCTTGTCTGGTG
PyMT Control-Reverse | GTCAGTCGAGTGCACAGTTT
MMTV- | MMTV-Cre 250 bp Forward CTGATCTGAGCTCTGAGTG
Cre Reverse CATCACTCGTTGCATCGACC
FIpE FIpE 100 bp FIpE Forward TGCCGGTCCTATTTACTCGT
Control 324 bp FIpE Reverse TACTTCTTTAGCGCAAGGGGTAG
FIpE Control-Forward | CTAGGCCACAGAATTGAAAGATCT
FIpE Control-Reverse | GTAGGTGGAAATTCTAGCATCATCC
LARS LARS pre-flp 630 bp | CSD-NeoF GGGATCTCATGCTGGAGTTCTTCG
LARS post-flp 545 bp | CSD-ttR AAACCAAAGCTAACTGAACCGCTG
WT 368 G
CSD-LARS-F ACCTTGTGTGTATGCGTGTGACTAT
G
CSD-LARS-R TGCATGAGTGTTCTATTGAGCAGGC
RPL22 | Floxed 290 bp RiboTag LoxP Forward | GGGAGGCTTGCTGGATATG
HA WT 243 bp RiboTag LoxP Reverse | TTTCCAGACACAGGCTAAGTACAC

5.22 Tumor formation studies
500,000 NMuMG cells expressing the PyMT oncogene or empty control were injected into the

fourth mammary gland of 8-12-week-old age-matched female NSG mice (4-5 mice per group.)

Tumor size was measured biweekly.
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5.23 In vivo metabolite profiling
1,000 4TO7 cells expressing control shRNA or shRNA targeting LARS were injected into the

fourth mammary gland of 8—10-week-old age-matched female balb/cJ mice (5 mice per group).
Tumour size was measured biweekly, animals were euthanized and tumours were harvested 14
days post inoculation for metabolomic studies. 10-30 mg flash frozen tissue samples were
homogenized using tissue homogenizer in 80% LC-MS grade methanol/water (v/v). samples
were vortexed and centrifuged at maximum speed at 4°C for 10 minutes. Supernatant was
transferred to new tubes. Samples were dried to completion using a nitrogen dryer and then
reconstituted in 30 pl 2:1:1 LC-MS water:methanol:acetonitrile for Liquid-chromatography
coupled to High-Resolution Mass Spectrometry (LC-HRMS). The injection volume for polar

metabolite analysis was 5 pl.

5.24 Histology
Mouse lung and mammary fat pad samples were prepared by perfusion fixation with 4%

paraformaldehyde through the right ventricle and incubated in 4% paraformaldehyde overnight.
Samples were dehydrated and stored in 70% ethanol, and paraffin embedded and sectioned in 5
um slices for staining with hematoxylin and eosin (H&E) and by immunofluorescence as

described below.

5.25 Immunofluorescence
Paraffin embedded slides were deparaffinized using five-minute washes in xylenes (x2), 100%

ethanol, 95%, 80% and 70% ethanol. Following deparaffinization, slides were washed in 1X
PBS and antigen retrieval was conducted in boiling 1X citrate buffer pH 6 (Sigma) for 20
minutes. Slides were cooled to room temperature and then blocked in 5% goat serum (Sigma

Aldrich) in PBS with 0.05% Tween-20 for 30 minutes in a humid chamber. Primary antibody
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against Ki-67 (Abcam, ab16667, 1:1000) was diluted in blocking solution and samples were
incubated overnight at 4°C. Slides were washed three times with PBS-Tween for 5 minutes prior
to secondary antibody incubation at 1:200 in blocking solution and incubation at room
temperature for 1 hour.

Slides were again washed with PBS-Tween three times, with the final wash containing 5 ug/mL
DAPI nuclear stain (Roche). Slides were washed once more, dried and mounted using
ProlonGold Antifade (Invitrogen). Fluorescence intensity was measured on a Zeiss inverted LSM
780 laser scanning confocal microscope at the Bioimaging Resource Center at Rockefeller
University. Images were analyzed using ImagelJ, by calculating mean fluorescence intensity of

sample to normalized DAPI signal.

5.26 Organoid assays

5.26.1 Generation and culture

Organoids were isolated from MMTV-PyMT animal tumours as previously described??. Briefly,
size-matched mammary tumours were isolated and minced with scalpel followed by collagenase
digestion at 37°C. Digested tumours were DNase treated, and differential centrifugation cycles
were conducted at 170 x g for 4 seconds each to isolate organoids from single cell contaminants.
Organoids were counted and resuspended at 100-300 organoids per well in reduced growth
factor Matrigel (Corning). Following gel solidification, B-FGF-containing growth factor media
was added to all wells.

Plated organoids were passaged or frozen by mechanical digestion of reduced growth factor
Matrigel in 10mM EDTA in PBS for 1 hour at 4°C, followed by centrifugation and resuspension

in reduced growth factor Matrigel (passage) or 90% fetal bovine serum with 10% DMSO

(freezing).
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5.26.2 Lentiviral transduction
Small organoids were collected following generation by pulsing to 300 rpm for 3 seconds and

collecting organoids within the supernatant. Lentivirus collected from 10 cm plates and
concentrated overnight using Lenti-X concentrator (TaKaRa) was used to transduce organoids by
either magnetofection using ViroMagR/L reagent (OZ Biosciences) according to the
manufacturer’s recommendation, or by spinfection in ultra-low attachment 96-well plates with
4ug/ml polybrene at 1500 x g for 1 hour. 800 organoids were cultured with 25% of 10-cm plate
concentrated virus into either 50 or 125 yL total volume. Following overnight incubation at
37°C, media was refreshed and puromycin selection was conducted 24 hours later at 1 xg/mL for

3 days.

5.26.3 Growth assays
250 organoids were plated in reduced factor Matrigel (Corning) in glass-bottom plates (USA

Scientific). 2D images were acquired of individual organoids on day 1, 3, 5 and 8 after plating
using either a Zeiss CellDiscoverer 7 microscope or a Nikon TiE inverted microscope with
Andor Neo sCMOS camera. Images were quantified using ImageJ to outline individual
organoids. Growth was calculated as a ratio of the 2D projected area of individual organoids on

Day 5-8 compared to Day 1 area.

5.26.4 Inhibitor studies
250 organoids were plated in reduced growth factor Matrigel (Corning) in glass-bottom or

polystyrene plates. Organoid growth media was supplemented with 12.5uM, 25 uM or 50uM
BC-LI-0186 compound, and media was refreshed every 48 hours. Growth assays were conducted

by 2D images acquision as described above.
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5.27 Codon reporter assays
HA-tagged constructs were synthesized by IDT and cloned into the psiCHECK?2 vector

(Promega), replacing the synthetic Renilla luciferase gene. A 6x glycine linker was placed
between the HA tag and the gene. Constructs included wild-type EMP3 gene or EMP3 gene with
sets of 10 Leu CTC and CTG codons mutated to Leu TTG residues. 500,000 NMuMg shLars
knockdown cells were seeded overnight for transient transfection in 6-well plates. Transfections
were performed using 3 g DNA and 9 uL Lipofectamine 2000 per well (Invitrogen). Cells were
harvested 48 hours post transfection for analysis of reporter expression levels by quantitative

western blot.
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