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The demand for building blocks in cancer cells differs greatly
from the ones of a normal cell. In order for a cell to divide, it
must duplicate its protein content, a process that requires large
energy and amino acid resources. Cancer cells achieve this by
rewiring their metabolic networks to cope with higher demands
of energy and building blocks. The metabolic changes a tumor
undergoes to adapt to deregulated growth might represent vul-
nerabilities that can be exploited for therapy. For example, cer-
tain types of tumors are auxotrophic for a particular amino
acid, suggesting tumor starvation as a possible interesting
approach for therapy. This was successfully demonstrated for
the amino acid asparagine, resulting in a very effective com-
bined treatment of chemotherapy and L-asparaginase in acute
lymphoblastic leukemia (ALL)." In addition, arginine starvation
by using ADI-PEG20 (pegylated arginine deimidase) has
shown promising results in tumors negative for ASS1 and
currently it’s been tested in clinical trials.”

To exploit amino acid vulnerabilities for cancer therapy, one
must first identify which amino acid is the most restrictive to
the tumor. Amino acid demand and availability depend on
many genetic and environmental factors such as extracellular
free amino acid supply, amino acid uptake, synthesis and deg-
radation, protein synthesis rate, the divergent use of amino acid
for energy, and tRNA levels. Some metabolomics-based
approaches generate profiles of plasma free amino acids
(PFAAs), providing specific patterns in cancer patients; how-
ever, the profiles represent a systemic response that may not
reflect the metabolic adaptations of the tumor.’

Recently, we developed a novel approach to detect restrictive
amino acids in cells and tumors. The rationale of our approach
is based on differential ribosome codon reading (diricore); we
make use of ribosome profiling* to detect ribosomes stalled at
specific codons. The accumulation of ribosomes at a particular
codon indicates that the corresponding aminoacylated tRNA
might be limiting and suggests a deficiency of the amino acid
(Fig. 1).°

We validated our approach in yeast cells treated with an
inhibitor of histidine synthesis, we detected a strong signal at

the 2 histidine-codons at the site A of the ribosome. Further-
more, cells treated with L-asparaginase showed specific signals
at asparagine codons. Interestingly, the expression of ASNS
(asparagine synthetase) markedly increased following treat-
ment, providing evidence for a feedback loop, similar to the
observation seen in patients that developed resistance to
L-asparaginase.

To test whether diricore could be used to detect amino acid
deficiencies in cancer, we compared samples of clear cell renal
cell carcinoma (ccRCC) and normal tissue from the same
patient. Some tumors showed increased signals at methionine
and proline codons, and others only at methionine. For methi-
onine, the accumulation of ribosomes occurred only at the ini-
tiating AUG codons, indicating increased translation initiation
rates in the tumors as the underling mechanism. Importantly,
accumulation of ribosomes in the position P of the first AUG
does not necessarily mean a higher rate of initiation; a low rate
of elongation might also lead to accumulation of ribosomes at
this position, additional evidence like phosphorylation levels of
key regulators must always be taken in account.

In contrast, the proline signal was associated with a limiting
availability of proline for protein synthesis. Proline is synthesized
in the cell by the mitochondrial protein PYCR (Pyrroline-5-Car-
boxylate Reductase). PYCR produces proline from glutamine via
P5C (pyrroline-5-carboxylate), while proline degradation occurs
through proline dehydrogenases/oxidases (PRODH). Of note,
PYCRI is one of the metabolic genes most commonly overex-
pressed in cancer. The metabolism of proline serves as a source of
energy during stress, provides signaling reactive oxygen species for
epigenetic reprogramming and regulates redox homeostasis. Inter-
esting links of proline pathway to cancer are the rapid transcrip-
tional activation of PRODH by the tumor suppressor P53, and
loss-of PRODH?2 in cancer.®

Tumors that showed a proline signal significantly up-regu-
lated PYCRI1 suggesting a compensatory attempt of feedback
loop similar to the one observed following L-asparaginase treat-
ment. Cells in culture that were starved of glutamine (the main
precursor of proline) also upregulated PYCRI. Tumor
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Figure 1. Scheme of differential ribosome codon reading (diricore). The deficiency
of an amino acid result in tRNA deaminoacylation and stalling of ribosome in the
corresponding codon.

xenografts of high-PYCRI breast cancer cells showed proline
signals when compared with their expansion ex vivo. Using
CRISPR-Cas9 we knocked out PYCR1 and interrogated tumor
development. PYCR1 knockout cells proliferated normally ex
vivo, however their capacity to expand in vivo was severely
compromised.

Like with the proline pathway, different types of tumors can
rewire other amino acid pathways to generate energy and
building blocks. Recently, it was shown that aspartate is essen-
tial for nucleotide synthesis in ASS1-defficient cancer cells.” It
is well established that many types of tumors are highly depen-
dent of the amino acid glutamine. Furthermore, the expression
of many essential amino acid transporters is altered in cancer.

We anticipate that diricore can be used as a platform to sense
these amino acid deficiencies in cells and tumors and to expose
the weaknesses of tumor’s metabolic remodeling.
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