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Abstract

Tumourigenesis and cancer progression require enhanced global protein translationl=3, Such
enhanced translation is caused by oncogenic and tumour suppressive events that drive the
synthesis and activity of translational machinery®°. Here we report the surprising observation that
leucyl-tRNA synthetase (LARS) becomes repressed during mammary cell transformation and in
human breast cancer. Monoallelic genetic deletion of LARS in mouse mammary glands enhanced
breast cancer tumour formation and proliferation. LARS repression reduced the abundance

of select leucine tRNA isoacceptors, leading to impaired leucine codon-dependent translation

of growth suppressive genes including epithelial membrane protein 3 (EMP3) and gamma-
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glutamyltransferase 5 (GGT5). Our findings uncover a tumour suppressive tRNA synthetase and
reveal that dynamic repression of a specific tRNA synthetase—along with its downstream cognate
tRNAs—elicits a downstream codon-biased translational gene network response that enhances
breast tumour formation and growth.

To initiate and progress, cancers must establish transcriptomic and proteomic expression
programs that enable subversion of host responses'=3. A defining feature of such malignant
expression programs is enhanced global translation, which has been shown to promote
transformation and cancer progression®. Translation is mediated by ribosomes, which
employ aminoacylated transfer RNAs (tRNAs) to decode messenger RNA (MRNA)
transcripts. Aminoacyl tRNA synthetases ‘charge’ tRNAs by covalently ligating each

amino acid to cognate isoacceptor tRNAs®. Consistent with a positive role for translation

in tumourigenesis and cancer progression, specific amino acids*’ and tRNAs®-11 have

been shown to be limiting for cancer progression. Recent studies have also demonstrated
tumourigenic roles for tRNA synthetases'2 and have revealed dysregulated tRNA synthetase
expression in additional diseases'3-1°. By surveying the expression of tRNA synthetases

in breast cancer, we observed that leucyl-tRNA synthetase (LARS), an aminoacyl tRNA
synthetase that ligates leucine to corresponding leucyl-tRNAs, becomes unexpectedly
repressed during breast malignant transformation. Monoallelic genetic deletion of Larsin
the mammary gland enhanced proliferation and tumour formation in a genetically initiated
mouse cancer model. We herein describe our identification and molecular characterization of
this unexpected tumour suppressive tRNA synthetase/tRNA gene network.

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. 1a). We next performed
Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) for all tRNA synthetases in
the non-transformed human mammary epithelial cell line MCF10A compared to the breast
cancer HCC1806 cell line (Extended Data Fig. 1a). Of the tRNA synthetases reduced by
greater than 50%, only QARS and LARS were depleted in both human cell line and TCGA
analyses.

To determine if LARS and QARS repression occurs during breast tumourigenesis, we
transformed MCF10A cells and the murine mammary epithelial cell line NMuMG by
overexpressing the polyoma middle-T (PyMT) oncogene in the context of p53 inhibition
by pifithrin-a (PFT)16. PyMT-transformed cells successfully formed colonies in soft
agar compared to control cells, a hallmark of successful malignant transformation, and
PyMT-transformed NMuMG cells formed tumours as early as 14 days post mammary
fat pad transplantation in mice (Extended Data Fig. 1b,c). Importantly, 5 days following
transformation, we observed a significant reduction in LARS protein levels (Fig. 1b-d).
In comparison, QARS was not depleted (Extended Data Fig. 1d,e), nor were other aaRS
including isoleucyl, histidyl and asparaginyl -tRNA synthetases (IARS, HARS, NARS,
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respectively) (Extended Data Fig. 1f,g). These data reveal that LARS specifically becomes
repressed during malignant transformation of mammary epithelial cells.

To assess the generalizability of LARS depletion in breast cancer, we assessed LARS
expression levels across multiple human and mouse cell lines. Copy number assays in
MCF10A and HCC1806 cells suggested a loss of LARS at the genomic level (Extended
Data Fig. 1h). In addition, LARS mRNA and protein expression were lower in MDA-
MB-231, HCC1806 and T47D breast cancer cell lines relative to non-transformed MCF10A
cells (Fig. 1e,f, Extended Data Fig. 1i). Similarly, LARS mRNA and protein levels were
reduced in murine breast cancer lines 4T07 and EO771 relative to non-transformed NMuMG
cells (Fig. 1e, 1g, Extended Data Fig. 1j). We did not observe further reduced expression of
LARS in highly metastatic cells relative to poorly metastatic cells when analyzing either
human (MDA-MB-231 parental versus the MDA-LM2 highly metastatic derivative) or
murine (67NR and 4T07 poorly metastatic versus 4T1 highly metastatic) isogenic lines,
suggesting that LARS repression may regulate breast cancer formation rather than metastatic
progression (Extended Data Fig. 1k,I).

To determine if LARS directly regulates tumourigenesis, we utilized the established MMT V-
PyMT genetically initiated murine model of breast cancer’. PyMT animals expressing
MMTV-driven Cre-recombinase were crossed to animals homozygous for a Larsallele
harboring loxP sites!®, enabling constitutive monoallelic deletion of Larsin the mammary
epithelium. As expected, monoallelic deletion reduced LARS protein levels by ~50% (Fig.
2a,b). Remarkably, LARS depletion was sufficient to significantly increase the number

of palpable tumours at 12 weeks of age, a typical tumour initiation time point in this
modell”19 (Fig. 2c). LARS depletion also substantially increased primary tumour burden
(Fig. 2d). Immunofluorescence staining of tumour sections with the proliferation marker
Ki67 revealed enhanced proliferation in Cre-positive Lars"* animals compared to Cre-
negative littermates (Extended Data Fig. 2a,b). To assess whether LARS-dependent tumour
growth effects observed /n vivo were cell autonomous, we derived heterotypic organoids
from PyMT tumours of Cre-positive and Cre-negative Lars™* mice20. When cultured in
Matrigel, Cre-positive Lars™* organoids exhibited significantly increased growth relative
to Cre-negative organoids (Fig. 2e,f). Moreover, these growth changes were rescued by
wild-type LARS re-expression in Cre-positive organoids, but not by expression of previously
characterized LARS mutants lacking leucine-binding capacity (F50A/Y52A) or catalytic
site activity (K716A/K719A)21:22 (Extended Data Fig. 2c,d). Conversely, overexpression
of wild-type LARS, but not mutant LARS, in wild-type PyMT organoids reduced growth
(Extended Data Fig. 2e,f). These findings identify LARS as a tumor suppressor in breast
cancer through repression of mammary tumour initiation and cell-autonomous growth.

LARS ligates leucine amino acid to all five tRNA-Leu isoacceptors. Given that LARS-
mediated growth changes could be rescued by wild-type but not catalytically inactive
LARS overexpression, we reasoned that LARS-dependent tumour suppression may occur
through altered charging levels of specific leucyl-tRNAs. To test this hypothesis, we
adapted our previously reported tRNA capture-sequencing profiling approachs8 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
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uncharged tRNAs with sodium periodate (NalO4)23-2%, leaving only charged species
available for downstream biotinylation and capture for sequencing as previously described.
In parallel, total tRNA was isolated for comparison (Fig. 3a). Given the previously observed
differences in LARS protein expression, we performed charged tRNA profiling in HCC1806
cells compared to MCF10A cells. Our data revealed reduced amino acid charging of four
out of five leucyl tRNA isoacceptors in HCC1806 cells relative to MCF10A cells (Fig.

3b). Among these tRNAs, tRNA-Leu®AC exhibited the greatest magnitude of reduction.

Of note, the same tRNA-Leu species were reduced in total tRNA quantification, with
tRNA-LeuCAC exhibiting the greatest effect (Extended Data Fig. 3a). These findings are
consistent with the literature, whereby uncharged tRNAs are less stable than charged tRNAs,
causing a reduction in overall tRNA abundance26:27. Moreover, northern blot analysis for the
most significantly depleted tRNA-Leu species—tRNA-Leu®AC, tRNA-LeuAAG, and tRNA-
LeuYAG_—confirmed a reduction in overall expression of these tRNAs in HCC1806 relative
to MCF10A cells (Fig. 3c). The levels of these tRNAs were also reduced in LARS-depleted
4TOQ7 cells (Extended Data Fig. 3b-d). We also examined charged tRNA levels in LARS-
depleted 4T07 cells by acid urea PAGE. Using this approach, we observed a reduction in
charged to total tRNA ratio in LARS-depleted cells compared to control (Extended Data
Fig. 3e-f). Taken together, these results indicate that LARS depletion reduces the overall
abundance of charged and total tRNA-Leu®AC, tRNA-LeuAAC, and tRNA-LeuYAC,

We next asked whether tumour suppression by LARS may be mediated by specific leucyl
tRNAs. We employed CRISPRI28 to repress transcription of the most significantly reduced
leucyl tRNA, tRNA-LeuCAG, and assessed the impact of this on mammary epithelial cell
transformation (Extended Data Fig. 3g,h). Remarkably, CRISPRi-mediated depletion of
tRNA-Leu®AS in MCF10A cells enhanced PyMT-induced colony formation by soft agar
assay (Fig. 3d). These findings identify tRNA-Leu®AC as a mammary tumour suppressor
downstream of LARS.

To determine whether LARS repression could enhance tumorigenesis through altered
tumoral leucine availability, we conducted mass spectrometry-based metabolite profiling

of branched chain amino acids within 4T07 LARS-depleted tumour cells implanted into
mice. Intratumoural levels of leucine, isoleucine and valine were not significantly altered in
LARS-depleted relative to control tumours (Extended Data Fig. 3i-k). This finding suggests
that LARS depletion does not meaningfully impact tumoural abundance of leucine or of
other branched-chain amino acids in this model.

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
(Extended Data Fig. 4a). We reasoned that if LARS repression promotes tumourigenesis
through reduced leucyl tRNA availability, we would expect leucine-rich transcripts to exhibit
decreased polyribosome association. To test this hypothesis, we calculated differential

gene expression in high-translated versus low-translated groups, in LARS-depleted samples
compared to control. We binned differentially expressed transcripts into four quartiles

based on total leucine codon content, and plotted the log, fold changes as a cumulative
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distribution function (Fig. 4a). Transcripts with the most leucine codons (top 25%) exhibited
a significant left shift in log, fold change compared to transcripts with the fewest codons
(bottom 25%), consistent with a reduction in leucine-rich translation upon LARS depletion.
The analysis was repeated, instead ranking and binning transcripts by leucine isoacceptor
content. Top quartiles of Leu-CUC and Leu-CUG codon enriched transcripts also exhibited
a significant left shift in log, fold change, whereas other Leu codons demonstrated no
difference or a right shift in log, fold change (Fig. 4b,c, Extended Data Fig. 4b-¢).

These data suggest that LARS impacts protein translation in a codon-dependent manner,
first affecting Leu-CUC and Leu-CUG enriched transcripts, which account for ~60% of
leucine incorporation into proteins2?-30, Notably, Leu-CUG is decoded by tRNA-LeuCAG,
which was observed to repress transformation as described above, while Leu-CUC contains
a wobble position and would be decoded by inosine-modified tRNA-LeuAAG 31, Ag

an orthogonal /n vivo approach, we employed the RiboTag model%:32 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™"t
compared to wild-type tumours revealed a significant left-shift in cumulative distribution
of log, fold change (Extended Data Fig. 4f-h). These effects were more modest because
the RiboTag system does not enrich for polysomes relative to monosomes. These findings
reveal that LARS depletion reduces 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.

To further assess the impact of LARS depletion on leucine-rich protein translation,

we conducted RiboSeq33 on LARS-depleted 4T07 cells. We first calculated translation
efficiency for each transcript, as a ratio of ribosome protected fragment occupancy to
MRNA abundance. To assess the specific sensitization of Leu-enriched transcripts to LARS
reduction, we examined log, fold translation efficiency ratios (IogTER) in shLARS as a
function of fractional CUG codon content (Extended Data Fig. 4i, Supplementary Table 1).
We found a significant negative correlation between increased CUG fraction and logTER,
consistent with our observation that CUG codon enrichment sensitizes mRNAS to LARS
reduction.

We next asked whether ribosome dwell time over each codon differed in LARS-depleted
samples compared to control. To assess 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 (Extended Data Fig. 4j). These data
suggest that LARS depletion preferentially enhances ribosome dwell time over leucine
codons.

Finally, we 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, a value from 0 to 1 where 0 corresponds to an even distribution
and 1 is perfectly uneven. We observed a significant positive correlation between sequence
discrepancy and bias coefficient, suggesting that ribosome dwell time increases as leucine
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clustering increases (Extended Data Fig. 4k). 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.

To identify candidate genes that mediate LARS-dependent tumor suppression, we performed
tandem mass tag (TMT)-labeled proteomics34 on tumours derived from PyMT mice with
monoallelic Larsdeletion. We identified a set of proteins that were significantly repressed in
the context of LARS heterozygosity (p<0.05, Fig. 4d, Supplementary Table 2). A majority
of these candidates were enriched in Leu codons, particularly Leu-CUC or Leu-CUG.

We focused on epithelial membrane protein 3 (EMP3) and gamma-glutamyltransferase 5
(GGT5)—two genes that were relatively enriched in Leu-CUC and Leu-CUG codons and
whose expression levels were found to be reduced in human breast tumours relative to
non-cancerous mammary tissue in TCGA (Extended Data Fig. 5a,b, Supplementary Table
2). Western blot analysis confirmed reduced EMP3 and GGT5 protein levels in LARS-
depleted tumours as well as in LARS-depleted NMuMG cells (Fig. 4e,f, Extended Data Fig.
5¢-f). Importantly, EMP3 and GGT5 mRNA abundances were not reduced, suggesting that
downregulation of these proteins is likely due to LARS-mediated translation changes, not
MRNA stability or transcriptional downregulation (Extended Data Fig. 5g-h).

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 tumours3°-35,
GGTS5 is a glutathione metabolism related proenzyme, which has been shown to play a non-
cell autonomous role in overcoming chemoresistance in ovarian cancer3’. To further assess
the roles of these proteins in tumour growth, we derived organoids from PyMT tumours and
transduced them with sShRNAs targeting £mp3or Ggt5. Following transduction, organoids
were cultured in Matrigel and growth changes were assessed. Depletion of either EMP3 or
GGT5 enhanced organoid growth (Fig. 5a,b). These findings implicate EMP3 and GGT5 as
LARS-regulated tumour suppressors in breast cancer.

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 LARS-sensitive codons Leu-CUC and
Leu-CUG were mutated to the synonymous codon Leu-UUG, a codon for which translation
was not significantly impacted upon LARS depletion (Fig. 5¢). We observed that the codon
mutant form of EMP3 was less repressed by LARS depletion, consistent with direct LARS-
and Leu-codon-dependent regulation of EMP3 (Fig. 5d,e). These findings confirm the
existence of a direct translational regulatory response downstream of LARS in mammary
tumour suppression.

Our work identifies LARS, a specific tRNA synthetase, as a breast tumour suppressor.
We show that repression of LARS reduces the charging and function of tRNA-LeuCACG
to suppress malignant transformation. Depletion of LARS reduces leucine rich protein
translation and expression of candidate tumor suppressors including EMP3 and GGT5
(Fig. 5f). These findings suggest that LARS regulates a tumour suppressive network.
Moreover, this work demonstrates that specific repression of a tRNA synthetase can
modulate translation of tumour suppressors enriched in a cognate codon.
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We observed 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 and translation of ribosomal RNA, ribosomal protein genes, and

other specific oncogenes?4:38. As such, in the context of global translation upregulation,
specific mechanisms are needed to prevent translational enhancement of tumour suppressors.
We propose that LARS repression serves such a purpose by repressing translation of
specific tumour suppressors enriched in specific leucine codons. The interactions of
nutrient stress and amino acid availability with tRNA charging and translation have been
investigated® 73941 as have the roles of specific tRNA synthetases in enhancing cancer
phenotypes!? — including LARS, in the context of lung cancer#2. Our findings provide
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 abundances in our tRNA
profiling. This finding is consistent with literature demonstrating that uncharged tRNAs are
less stable than their charged counterparts, leading to tRNA degradation?’. Interestingly, we
also observed that LARS reduction preferentially affects charging and expression of tRNA-
LeuAAG, tRNA-LeuYAC and tRNA-LeuCAC, over tRNA-LeuY A and tRNA-Leu®AA, One
possible explanation for this may be sequence—and thus structural-differences between these
species (Supplementary Table 3) that may affect tRNA binding to the tRNA synthetase*3-47,
Our findings are also consistent with tRNA charging studies in the context of amino acid
limitation, whereby leucine limitation preferentially reduced charging of tRNA-LeuAAG,
tRNA-LeuYAC and tRNA-Leu®AC over tRNA-LeuYAA and tRNA-Leu®AA 39, Intriguingly,
tRNA-LeuAAG, tRNA-LeuYAC and tRNA-LeuCAC are more common than tRNA-LeuYAA
and tRNA-LeuCAA, Interestingly, the role of tRNA synthetases in regulating charged tRNA
pools has recently been attributed to reduced ability of tRNA synthetases to bind and
sequester uncharged tRNAs*8. In sum, further research is warranted especially in the context
of /in vivo models to examine the regulatory effects of tRNA synthetases and other factors on
tRNA abundance and the maintenance of charged tRNA pools.

Many tRNA synthetases serve cellular functions independent of their role in
aminoacylation?®. In particular, LARS has been identified as a sensor of intracellular

leucine in activating mTOR signaling?L. In our system, rescue experiments with catalytically
inactive forms of the protein that abrogate charging failed to rescue the growth phenotypes
(Extended Data Fig 2b,c). Given that both mutants failed to rescue growth changes relative
to a wild-type rescue, tumor-suppressive tRNA charging changes are likely the dominant
phenotype in our system. Nevertheless, the proposal of a pro-growth, noncanonical function
for this enzyme contrasts with our current findings and requires further study given the
reportedly pleiotropic nature of this enzyme.

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

METHODS

Ethical regulations

All animal experiments were performed under supervision and approval of the Institutional
Animal Care and Use Committee (IACUC) at the Rockefeller University.

Cell Culture

MCF10A cells (ATCC, CRL-10317) were cultured in DMEM/F12 media supplemented with
5% horse serum and final concentrations of 20 ng/ml of EGF, 0.5 pg/ml of hydrocortisone,
100 ng/ml of cholera toxin, and 10 pg/ml of insulin.

EO771 (ATCC, CRL-3461), HCC1806 (ATCC, CRL-2335) and derivative HCC1806-LM2C
cells were cultured in RPMI media supplemented with 10% FBS, 1mM glucose, 10 mM
HEPES and 1 mM sodium pyruvate. 293T (ATCC, CRL-3216), MDA-MB-231 (ATCC,
HTB-26), T47D (ATCC, HTB-133), NMuMG (ATCC, CRL-1636) 4T07, 4T1 and 67NR
cells were cultured in DMEM media supplemented with 10% FBS. (4T1: ATCC, CRL-
2539, 4T07 and 67NR were a generous gift by W. P. Schiemann) All human cell lines were
STR tested and all lines were routinely tested for mycoplasma contamination.

Generation of stable cell lines

Lentivirus was produced in 293T cells grown in 10 cm plates. Cells were transfected with
1.7 ug and 2.6 pg of packaging plasmids pMD2.g and psPAX2 respectively, 3.4 g of
pLKO.purol vector containing the appropriate sShRNA, using 40 pL Lipofectamine 2000
(Invitrogen). After 24 hours, the media was replaced with fresh media and virus-containing
supernatant was harvested 48 and 72 hours after transfection. The supernatant was filtered
through a 0.45 um filter before 1-2 mL of virus was used with 8ug/mL polybrene to
transduce pre-plated 4T07 cells at 75% confluence. Following 24 hours of transduction,
selection was conducted using 4 pg/mL puromycin. mRNA and protein knockdown were
validated by gPCR and western blot, respectively.

Generation of CRISPRI cell lines

sgRNAs targeting specific tRNA loci were designed by identifying all possible guides
(PAM sequences) within 200bp of tRNA transcription start sites for a given isodecoder.
Appropriate target-specific guides were selected to be unique among an individual tRNA
isoacceptor. Target-specific guides cloned into lentiGuidePuro vector (Addgene #52963).
Following lentiviral production as described above, individual SgRNAs were transduced into
MCF10A cells stably expressing pHR-SFFV-dCas9- BFP-KRAB (Addgene #46911). tRNA
depletion was validated by Northern blot in cells subsequently used for experiments.

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
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of transduction, blasticidin selection was performed for 3 days at 3 pg/mL and cells were
treated with 10 uM pifithrin-a (Sigma) for 5 days.

RNA isolation and purification

RNA was extracted from cells with TRIzol reagent (Life Sciences) followed by isopropanol
precipitation at —20°C. After centrifugation at maximum speed (~21,000 x g) in a pre-
chilled tabletop microcentrifuge, RNA pellet was washed twice with cold 75% ethanol
following resuspension in Rnase free water.

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?2). The membrane was pre-hybridized in
UltraHyb-Oligo buffer (Ambion) at 42°C. DNA oligos were radiolabeled with [y—32P] 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. Probes that were 32P labeled and used for detection are described in
Supplementary Table 4. Quantification was done using FI1JI (ImageJ) where the intensity of
each band over background was measured and normalized to U6 levels.

Acidic RNA extraction

1 day prior to RNA extraction, LARS-depleted 4T07 cells (or MCF10A, and HCC1806
cells) were plated to be 80% confluent at time of RNA harvest. On the day of harvest,

cell pellets were lysed in 600 pl cold lysis buffer (0.3 M NaOAc, pH 4.5, 10 mM EDTA

pH 8), and extracted twice with equivalent volume acidic phenol chloroform (pH 4.5,
ThermoFisher). Nucleic acids were precipitated twice with 2.5 volumes of ethanol and

2 ul GlycoBlue (Invitrogen) overnight. Precipitations were centrifuged for 20 minutes at
maximum speed at 4°C, and nucleic acids were resuspended in 10 pL of 10 mM NaOAc (pH
4.5).

Acid Urea PAGE

Acidic urea PAGE was adapted from previously described protocols?®. Briefly, acidic RNA
was mixed with 1.5X acidic loading dye (8 M Urea, 0.1 M NaOAc/HOAc, pH 4.8, 0.05%
Bromophenol blue, 0.05% Xylene cyanol) and run on a 6.5% PAGE sequencing gel (8M
Urea, 0.1M NaOAc pH = 4.5). Samples were run for 24 h at 300V at 4 °C, in 0.3M

NaOAc (pH 4.5) running buffer. Samples were then transferred onto a nylon membrane
using a semi-dry transfer system for 45 minutes at 0.15A, and UV crosslinked (240 mJ/cm?).
The membrane was pre-hybridized in UltraHyb-Oligo buffer (Ambion) at 42°C. and then
hybridized using pre-labeled DNA oligos as described above.

Charged tRNA Capture-Sequencing profiling

NalO4 Oxidation and precipitation—First, acidic RNA was extracted as described
above and resuspended in 30 pL of 10mM NaOAc (pH 4.5). To oxidize free 3’0OH on
uncharged tRNAs, for each sample, 20ug RNA (at concentration 0.1 pg/uL) was treated
with 50 mM NalO4 (or 50 mM NaCl as a control), in the presence of 200mM KOAc
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(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
NalOy4 and precipitated twice with ethanol premixed with 0.1x NaOAc (3M, pH 4.5) and 2
pL GlycoBlue.

tRNA profiling—tRNA profiling was conducted as previously described8. Briefly, samples
were deacylated with 0.1 M Tris-HCI (pH 9) at 37°C for 30 minutes, precipitated, and
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 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 and 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.

Quantitative RT-PCR

To measure mRNA transcript levels, RNA was converted to cDNA (SuperScript 111,
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). Target-specific primer
sequences can be found in Supplementary Table 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.

Copy Number Assays

Genomic DNA was isolated from cell lines using Qiagen DNA Blood & Tissue Kit and used
for Copy Number Assays with TagPath ProAmp Master Mix, according to the manufacturers
instructions, Two assays were used for LARS, Hs06041747_cn and Hs05978602_cn, with
RnaseP copy number reference assay (Thermo Scientific) as a normalization control.
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Polysome Profiling

Polysome profiling was adapted from previously described protocols®C. Prior to lysis, pre-
plated cells at 80% confluence were treated for 5-7 minutes with media containing 100
pg/mL cycloheximide (Alfa Aesar). Plates were washed with PBS, flash frozen in liquid
nitrogen and lysed via scraping using polysome lysis buffer (5 mM Tris HCI pH 7.5, 2.5
mM MgCI2, 1.5 mM KCI, 100 ug/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). Nuclei were removed by centrifugation and cleared lysate
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% WYV Step 1, 1:50 minutes, 80° angle, 21 speed. Gradients
with 150ug lysate loaded were spun using SW41 rotor at 38,000 RPM for 2 hours at 4°C,
and then fractionated by 16 using a Triax FlowCell Gradient Fractionator according to the
manufacturer’s instructions. Based on A280 UV peaks, fractions were pooled in highly
translated (3+ ribosomes) and lowly translated (1-2 ribosomes) groups. RNA was extracted
using Trizol LS (Life sciences) and 1 pg of RNA was used in library preparation using
TruSeq RNA Library Prep (Illumina). Libraries were sequenced using lllumina 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 and differentially expressed transcripts determined using DESeq2.

RiboTag immunoprecipitation and RNA Sequencing

RiboSeq

Tumours were extracted from 24-week old animals and RNA from HA-tagged ribosomes
was isolated as previously described19:32, 500 ng of RNA was used for RNA sequencing
library preparation using TruSeq RNA Library Prep (Illumina). Constructed libraries were
sequenced using Illumina 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.

Cells were washed and flash frozen with liquid nitrogen before lysis with cycloheximide-
containing lysis buffer (Alfa Aesar). Ribosome profiling library preparation was conducted
as previously described33, and PCR libraries were sequenced using Illumina Nextseq (High
Output, 75 SR) at the Rockefeller University Genomics Center.

Ribosome dwell time and Sequency Discrepancy analysis

For the ribosome footprinting data, reads were first subjected to linker removal and quality
trimming (cutadapt v1.17). Reads were then distributed among the samples based on their
assigned barcodes using fastx_barcode_splitter (using —eol and —mismatches 1). Reads were
then collapsed and UMIs were extracted (2 at the 5’ end and 5 at the 3’ end) using UMI
Tools. The reads were aligned against a reference database of rRNAs and tRNAs to remove
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contaminants (using bowtie 2.3.4.1). bowtie2 was used to align remaining reads to a curated
transcriptome (build mm10) containing only the longest CDS for each gene whose lengths
were multipliers of 3, to assign reads to codons unambiguously. PCR duplicates were
removed using UMI Tools. Xtail®! was used to count RPFs, estimate translation efficiency,
and perform statistical comparisons. For RNA-seq data analysis, reads were first subjected
to quality trimming and adapter removal. STAR (v2.5.2a) was used to align the reads to

the mouse transcriptome (mm210). The number of reads mapping to each gene was counted
using htseg-count.

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>2. 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.

Ribosome dwell times at specific codons were compared along transcripts with at least 10
reads in all samples. Background translation rate for each transcript was determined as the
median of 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, comparing LARS
depleted cells to control cells.

To assess the effect of Leu codons clusters 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®3, 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.

Protein isolation

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 to clear cellular debris. Cleared protein lysate concentrations were quantified
using BCA protein assay kit (Thermo Fisher).

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.
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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.

Western Blot

Protein lysates 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 the
following target-specific antibodies: 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), a-tubulin (Cell Signaling,
3873S, 1:1000), QARS (Proteintech, 12645-1-AP, 1:1000), HARS (Proteintech, 16375-1-
AP, 1:1000), NARS (Aviva Systems Biology, OAAB07325, 1:1000), IARS (ThermoFisher,
PA5-44246, 1:1000), HA (BioLegend, 901501, 1:1000), Luciferase (Proteintech, 27986—
1-AP, 1:1000).

Tandem Mass Tag Proteomics

Flash frozen tissue samples were homogenized and 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). 100 ug of lysate was acetone precipitated
and dissolved in 100 pl 8 M Urea/50 mM triethyl ammonium bicarbonate/10 mM DTT.
Reduced cysteines were alkylated with iodoacetamide (Sigma), proteins were extracted

by chloroform/water/methanol precipitation, and then were digested overnight using LysC
endopeptidase and trypsin (NEB). Samples were labeled with TMT reagents (ThermoFisher
Scientific) dissolved in neat acetonitrile, followed by quenching with 5% hydroxylamine.
Label check was conducted to verify labeling efficiency, and samples were pooled and
purified using a high-capacity Oasis HLB cartridge. Purified peptides were fractionated
using a reversed-phase high pH fractionation spin column (Pierce). Fractions were 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 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°%.

Animal Studies

All animal work was conducted at the AAALAC-accredited Comparative Bioscience Center
at Rockefeller University. Work was performed in accordance with protocols approved

by the Institutional Animal Care and Use Committee at The Rockefeller University.

All animals were housed and fed using the University’s standard husbandry protocols.
Larstma(KOMP)Wsi knockout mice were obtained from KOMP Repository at UC Davis?8.
FIpE animals were obtained from the Michel Nussenszweig laboratory. RPL22 floxed
(Ribotag) mice were obtained from the Jackson laboratory2°.
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Genetically Initiated Models of Breast Cancer

Within the laboratory, C57BL/6 mice were crossed with MMTV-PyMT”, MMTV-Cre55
positive mice for at least 8 generations to maintain over 99% C57BL/6 background.
Following FIpE-mediated recombination, animals homozygous for Larst™12 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 in female
animals using digital calipers beginning at week 12. Tumour volumes were calculated as
(smaller diameter)? x (larger diameter) x 1 / 6. In accordance with the IACUC-approved
protocol, animals are humanely euthanized at 24 weeks of age, or at first sign of distress
from large tumor burden (labored breathing, signs of distress or individual tumor exceeding
1500 mm3), whichever comes first. 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.

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 three pairs of age-matched female
littermates at 24 weeks of age for use in RiboTag studies. All genotyping primer sequences
and product sizes can be found in Supplementary Table 4.

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.

In vivo metabolite profiling

Histology

1,000 4T07 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 after 14 days for metabolomic studies. 10-30 mg flash frozen tissue samples

were homogenized 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 .

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.
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Immunofluorescence

Paraffin embedded slides were deparaffinized using five-minute washes in xylenes (x2),
100% ethanol, 95%, 80% 70% ethanol, and PBS. Antigen retrieval was conducted for 20
minutes in boiling citrate buffer (pH 6, Sigma). Slides were cooled and then blocked in

5% goat serum (Sigma Aldrich) in PBS with 0.05% Tween-20 for 30 minutes. Primary
antibody 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
prior to incubation with fluorescence-conjugated secondary antibody (Invitrogen, 1:200) in
blocking solution for 1 hour at room temperature. Following 3 PBS-Tween washes with
the final wash containing 5 ug/mL DAPI nuclear stain (Roche), samples were 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 ImageJ, by calculating mean
fluorescence intensity of sample to normalized DAPI signal.

Organoid Generation and Culture

Organoids were isolated from MMTV-PyMT animal tumours as previously described?2.
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, R-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).

Organoid Lentiviral Transduction

Small organoids were collected 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 pL total volume. Following overnight
incubation at 37°C, media was refreshed and puromycin selection was conducted 24 hours
later at 1 pg/mL for 3 days.

Organoid 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
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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.

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 CUC and CUG codons mutated to Leu UUG residues. 500,000
NMuMg shLars knockdown cells were seeded overnight for transient transfection in 6-well
plates. Transfections were performed using 3 pg DNA and 9 pL Lipofectamine 2000 per
well (Invitrogen). Cells were harvested 48 hours post transfection for analysis of reporter
expression levels by quantitative western blot.

Statistics & Reproducibility

No statistical methods were used to predetermine sample size. No data were excluded
from analyses. Allocation to different experiments was randomized, with age- and gender-
matching for in vivo experiments. Investigators were not blinded to allocation during
experiments and outcome assessment, except during colony formation assay counting.
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Extended Data
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Extended Data Fig. 1. LARSisrepressed during malignant transfor mation.
a, Aminoacyl tRNA synthetase mMRNA levels in non-transformed human mammary

epithelial cell line MCF10A (left, dark gray or magenta) compared to HCC1806 (right,
light gray or pink), normalized to GAPDH. Magenta and pink-colored expression pairs
indicate a significant decrease in aaRS expression between MCF10A and HCC1806 of
50% or greater (statistics calculated by unpaired two-tailed Student’s t-test with Bonferroni

Nat Cell Biol. Author manuscript; available in PMC 2022 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Passarelli et al.

Page 18

correction for multiple comparisons, n=4 samples per group). b, Soft agar colony formation
assays of PyMT-transformed MCF10A and NMuMG cells compared to empty-transduced
control. Representative of n=3 experiments. ¢, Tumor growth curves for transplanted PyMT
transformed NMuMG cells compared to control, statistics calculated by 2-way ANOVA.
(n=4 mice per group) d, Western blot of QARS in PyMT-transformed MCF10A cells
compared to empty control. e, Quantification of d. f, Western blot of HARS, NARS,

IARS in PyMT-transformed MCF10A cells compared to empty control. g, Quantification

of f. d-g, HSC70 as a loading control, representative of n=2 independent experiments. h,
Genomic copy number assay for LARS in MCF10A and HCC1806 cells, using RNAseP

as a normalization control. i, qRT-PCR of LARS mRNA levels in MCF10A, HCC1806,
MDA-MB-231 and T47D cell lines, normalized to GAPDH. j, LARS mRNA levels in
NMuMG, 4T07 and EO771 cell lines, normalized to GAPDH. k, Above, Western blot of
LARS in MDA-MB-231 parental cells compared to highly metastatic LM2 cell lines. Below,
quantification. I, Above, Western blot of LARS in NMuMG cell lines compared to isogenic
low and high metastatic cell lines 67NR, 4T07 and 4T1. Below, quantification. HSC70 is
used as a loading control in i-j. h-1 Representative of n=3 independent experiments. All data
are mean + s.e.m., statistics calculated by unpaired two-tailed Student’s t-test.
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Extended Data Fig. 2. LARS depletion promotestumor growth.
a, Representative images of Ki-67 staining in LARS-depleted PyMT tumours. Scale bar,

100px. b, quantification of a as mean fluorescence intensity of Ki-67 normalized to DAPI.
Cre- n=15, Cre+ n=14, where each data point represents staining from an individual animal.
Statistics calculated by two-tailed Mann-Whitney test. ¢, Representative images of LARS-
depleted PyMT Cre+ or Cre- tumour-derived organoids cultured in Matrigel, transfected
with LARS constructs — wild-type, catalytically inactive (K716A/K719A ) “CAT”, leucine-
binding null (F50A/Y52A) “LEU”21,22 or empty vector control. d, Quantification of change
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in 2D projection of organoid area, normalized to Day 1. 26-30 organoids quantified

per experimental group, representative of n=3 independent experiments e, Representative
images of wild-type PyMT tumour-derived organoids cultured in Matrigel, transfected with
indicated LARS constructs. f, Quantification of change in 2D projection of organoid area,
normalized to Day 1. 44-81 organoids quantified per experimental group, representative

of n=3 experiments c-f, Scale bar, 100 um, Statistics calculated by unpaired two-tailed
Student’s t-test. All data are mean + s.e.m.
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Extecgggd Data Fig. 3. LARSreduction enhances tumorigenesis through depletion of tRNA-
Leu .

a, Volcano plot showing differential expression of total tRNAs in HCC1806 cell line
compared to MCF10A (n=3 per group). b, Northern blot validation of reduction in tRNA-
Leu species in LARS-depleted 4T07 cells compared to control. ¢, Quantification of b, n=8-9
replicates examined over 3 independent experiments. Statistics calculated by unpaired two-
tailed Student’s t-test. d, Western blot depicting LARS knockdown levels in 4T07 cells with
two independent sShRNAs. Representative of n=3 independent experiments. e, Northern blot
validation of reduction in charged tRNA-Leu species by acid urea PAGE in LARS-depleted
4TOQ7 cells compared to control. Deacyl species are boxed for clarification. Representative
of n=3 independent experiments. f, Quantification of e as a ratio of charged to total

tRNA, n=4-5 replicates examined over 3 independent experiments. Statistics calculated

by unpaired one-tailed Student’s t-test. g, Northern blot depicting CRISPRi-mediated
tRNA-Leu depletion in MCF10A cells. Representative of n=2 independent experiments.

h, Quantification of g. i-k, In vivo metabolomics of branched chain amino acids in LARS-
depleted 4T07 tumours (n=5 mice per group). n.s. by unpaired two-tailed Student’s t-test.
All data are mean £ s.e.m.
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Extended Data Fig. 4. LARSfacilitates L eu-rich translation for select isoacceptorsin vitroand in
vivo.

a, Polysome traces from gradient fractionation and polysome profiling in LARS-depleted
4TO07 cells compared to control. (n=3 samples per group). b-e, Cumulative distribution
functions of differentially expressed genes by polysome occupancy, stratified by Leu-CUA
(b), Leu-CUU (c), Leu-UUA (d), and Leu-UUG (e) codon content, respectively. p < .4581
(b), p < 3.88e-5 (c), p < 2.20e-16 (d), p < 0.09933 (e), two-sided KS test. f-h, Cumulative
distribution functions of differential gene expression by RiboTag (n=3 mice per group),
stratified by abundance of Leu isoacceptors (f) Leu-CUG (g) and Leu-CUC (h). p =
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0.0004909 (f), p < 0.003378 (g), p < 2.91e-8 (h), two-sided KS test. i, scatter plot of
RiboSeq log2 fold translation efficiency ratios (IlogTER) in LARS depleted cells compared
to control, plotted as a function of fractional CUG codon content (n=2 samples per group).
Regression coefficient R = —0.252, p = 7.7 e-138. j, Ribosome dwell time analysis in
RiboSeq 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. shlLars4, p = 0.02282, Kruskal Wallis rank sum test. k, Analysis of Leucine sequence
discrepancy, or “clumpiness” on ribosome dwell time in 4T07 shCtrl cells. Regression
coefficient = 0.023310, p < 2e-16.
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Extended Data Fig. 5. LARSregulates protein expression of tumor suppressors EMP3 and
GGTS.
a,b, Clinical association of EMP3, GGT5 in the TCGA database normal breast tissue

samples compared to primary tumor. Statistics calculated by two-tailed Mann-Whitney test.
¢, Western blot of LARS, EMP3, and GGT5 in LARS-depleted NMuMG cells. HSC70

is used as a loading control. d, Quantification of LARS (n=3) in c, representative of 3
independent experiments. e-f, Quantification of EMP3 (n=12, e) or GGT5 (n=9, f) replicates
over n=3 independent experiments. g,h, mMRNA levels of EMP3, GGT5 in Lars-depleted
NMuMG cells normalized to GAPDH, by gRT-PCR. Representative of n=3 independent
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experiments. d-h, Statistics calculated by unpaired two-tailed Student’s t-test. All data are
mean + s.e.m.
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Figure 1. Clinical evidence of LARS reduction upon malignant transformation.
a, Aminoacyl tRNA synthetase (aaRS) expression levels in the TCGA database in normal

breast tissue samples (dark gray or magenta) compared to primary tumor samples (light
gray or pink). Magenta and pink-colored expression pairs indicate significant reduction

in expression in primary tumor samples compared to normal breast tissue. Statistics
measured by two-tailed KS test with Bonferroni’s correction and indicated with stars below
the X axis. * p = 0.042, **** = p<0.001. b, Western blot of LARS protein levels in
transformed MCF10A (above) and NMuMG (below) cells. Transformation is indicated
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by PyMT expression, HSC70 is used as a loading control. c,d, Quantification of b.
Representative of =3 independent experiments. e, Above, Western blot of LARS protein
levels in non-transformed human mammary epithelial cell line MCF10A, triple negative
HCC1806, MDA-MB-231 and ER-positive T47D cell lines. Below, 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. f,g, Quantification of n=9

(f) or n=6 (g) biological replicates examined over 3 independent experiments in e. Blots
are representative of n=3 independent experiments. b-g, Data are mean + s.e.m. Statistics
calculated by unpaired two-tailed Student’s t-test.
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p =0.0461
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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=5 (Cre-) or n=6 (Cre+) replicates examined over

n=3 independent blots, each replicate is from one mouse tumor. b, Quantification of a.
Statistics calculated by unpaired two-tailed Student’s t-test. ¢, Number of palpable initiated
tumours per mouse at week 12 in PyMT model with LARS deletion. Cre+n=14, Cre- n=15,
statistics calculated by 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, Statistics calculated by 2-way ANOVA. e, Representative images of
LARS-depleted PyMT tumour-derived organoids cultured in Matrigel. Scale bar, 100 um.
f, Quantification of change in 2D projection of organoid area, normalized to Day 1. n=30
organoids examined per experimental group, representative of 3 independent experiments.
Statistics calculated by unpaired two-tailed Student’s t-test. All data are mean * s.e.m.
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Figure 3. Charged tRNA profiling reveals reduction in select tRNA-L eu isoacceptors.
a, Experimental overview of charged tRNA profiling. b, Volcano plot showing differential

expression of charged 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, quantified below as n=11 (tRNA-LeuCAC and tRNA-LeuAAC)

or n=8 (tRNA-LeuC) replicates examined over 3 independent experiments. Blot is
representative of n=3 independent experiments. d, Representative colony formation assays
of PyMT-transformed, tRNA-LeuCAC depleted MCF10A cells, quantified below, n=4
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replicates per group, representative of n=3 independent experiments. Statistics calculated
by unpaired two-tailed Student’s t-test. All data are mean + s.e.m.
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Figure4. LARS promotestranslation and expression of L eu-enriched genes.
a, Cumulative distribution functions of differentially expressed genes by polysome

occupancy, stratified by overall Leu codon content. Genes with higher Leu codon content
have relatively left-shifted log, fold changes, indicating lower translation in Lars knockdown
(n=3 samples per group). b,c, as in a, stratified by individual Leu-CUC and Leu-CUG
isoacceptor content, respectively. p < 1.54e-13 (a), p < 6.01e-13 (b), p < 6.29-5 (c), two-
sided KS test. d, Volcano plot of differentially detected proteins in TMT-labeled proteomics
in PyMT Lars knockout tumours compared to control. Cutoffs of log, fold change < |0.5]
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and p < 0.05 (unpaired two-tailed Student’s t-test) indicated by dotted lines (n=5 tumors

per group). e, Western blot expression of candidate downstream targets EMP3 and GGT5

in LARS-depleted PyMT tumours. HSC70 is used as a loading control. Samples represent
individual mice Cre-n=4, Cre+n=5. f, Quantification of e. Statistics calculated by one-tailed
Mann-Whitney test. Data are mean + s.e.m.
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Figure5. EMP3 and GGT5 regulate growth downstream of LARS in a codon-dependent manner.
a, Representative images of wild-type MMTV-PyMT tumor-derived organoids with ShRNA

knockdown of EMP3 and GGT5, cultured in 3D Matrigel. Scale bar, 100 um. b,
Quantification of change in 2D projection of organoid area, normalized to Day 1. 25—

35 organoids quantified per experimental group, representative of n=3 experiments. c,
Schematic overview of EMP3 codon reporter design. For leucine codons 21-30 in the
gene, Leu-CUC and Leu-CUG codons were replaced with Leu-TTG codons. d, Western
blot for EMP3 reporter expression (HA expression) in NMuMG LARS depleted cell lines.
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Luciferase is used as a transfection control. Representative of n=4 independent experiments.
e, quantification of d. Bounds of boxes represent minimum and maximum values, center line
represents mean value. Statistics calculated by unpaired two-tailed Student’s t-test, all data
are mean + s.e.m. f, Model of LARS-mediated suppression of tumourigenesis.
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