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Aberrant MYC oncogene activation is one of the most prevalent
characteristics of cancer. By overlapping datasets of Drosophila
genes that are insulin-responsive and also regulate nucleolus size,
we enriched for Myc target genes required for cellular biosynthe-
sis. Among these, we identified the aminoacyl tRNA synthetases
(aaRSs) as essential mediators of Myc growth control in Drosophila
and found that their pharmacologic inhibition is sufficient to kill
MYC-overexpressing human cells, indicating that aaRS inhibitors
might be used to selectively target MYC-driven cancers. We sug-
gest a general principle in which oncogenic increases in cellular
biosynthesis sensitize cells to disruption of protein homeostasis.
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An increase in MYC oncogene level drives tumor formation
and is associated with poor prognosis (1, 2). Unfortunately,

MYC has often been classified as undruggable due to the ab-
sence of a ligand-binding domain or a hydrophobic pocket suit-
able for a small-molecule inhibitor (3, 4). Thus, research to date
has focused on synthetic lethal approaches, identifying MYC
coactivators and downstream targets that mediate its role in
tumorigenesis (5–10).
MYC is a transcription factor that controls a core set of target

genes involved in ribosome biogenesis and protein synthesis (11,
12). Deregulation of these processes leads to excessive cell
growth/proliferation, suggesting that targeting anabolic pathways
downstream of MYC might effectively kill cancer cells. In fact,
many chemotherapy drugs function by inhibiting ribosome bio-
genesis (13). Interestingly, in cancer cells with oncogenic activation
of the similarly growth-promoting PI3K pathway, disruption of ei-
ther anabolic or catabolic pathways, but not both simultaneously,
was seen to selectively kill the tumor cells (14). This suggests that
oncogenic up-regulation of cellular biosynthesis may render cells
generally susceptible to disruption of homeostasis.
Drosophila has a single MYC gene (Myc), which functions

downstream of insulin signaling, controlling nucleolus size and
tissue growth (15–18). Here we describe our effort to identify
genes downstream of insulin that are required for Myc control of
growth. By overlapping lists of genes that are insulin-responsive
and regulate nucleolus size, we enriched for Myc target genes
that are required for Myc function in vivo. We identify the
aminoacyl-tRNA synthetases (aaRSs) as essential mediators of
Myc growth control in Drosophila and show that their inhibition
is sufficient to kill MYC-overexpressing human cells. We pro-
pose a general principle in which disruption of homeostasis in an
otherwise balanced progrowth oncogenic program can be selec-
tively toxic to cells with excessive growth.

Results and Discussion
Identification of Insulin-Responsive Nucleolar Regulators. Because
Myc activity regulates ribosome biogenesis in response to insulin
signaling, we hypothesized that overlapping genes regulating ribo-
some biogenesis (RiBi) and genes responsive to insulin pathway

would enrich for Myc targets involved in RiBi-mediated growth.
We first evaluated the gene expression response to insulin stimu-
lation in Drosophila S2R+ cells by RNA-seq. We selected 10 dif-
ferent time points at 20-min intervals (20, 40, 60, 80, 100, 120, 140,
and 180 min) after insulin stimulation and performed RNA-seq on
3 biological replicates for each time point (Fig. 1A) (19). The short
time frame of sample collection enabled us to tease apart secondary
responses arising from changes in protein translation and to focus
on the direct transcriptional response. To capture the overall
temporal gene expression pattern instead of differential gene ex-
pression between time points, we applied time series statistical
modeling to the RNA-seq dataset and identified approximately
1,254 insulin-responsive temporally differentially expressed genes
(Datasets S1 and S2). Known targets of insulin signaling, such as
Thor (4E-BP) and Myc, were identified as down-regulated and up-
regulated over time, respectively, consistent with their previously
reported transcriptional response (Fig. 1B).
We then overlapped the set of 1,254 insulin-responsive genes

with a set of 750 genes previously identified as important for
nucleolus size in Drosophila Kc cells (Fig. 1C and Dataset S2)
(20). We found 163 genes were shared in the two sets, a highly
statistically significant overlap (P = 5.4e-28). From this overlap
set, we performed an in vivo screen for lethality and nucleolus
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phenotypes in larval muscle, a tissue that we previously used as
an effective readout of insulin/Myc activity (Fig. 1D and Dataset
S3) (15). We dissected muscles from larvae in which gene
knockdown generated a lethal phenotype, reasoning that these
would have the most significant effect on the nucleolus. Indeed,
we did not observe nucleolar morphology phenotypes in any
nonlethal knockdown crosses. Lethality of the knockdowns
ranged from third instar to pharate lethal.
Dissection and staining of the larval muscles from lethal RNAi

knockdowns revealed 33 genes required for normal nucleolus mor-
phology (Fig. 2A). The largest subset comprised genes involved in
ribonucleoprotein complex biogenesis (12.65-fold enrichment; P =
2.55e-8; false discovery rate [FDR] = 3.96e-4) and RiBi (15.75-fold
enrichment; P = 3.32e-8; FDR = 2.57e-4) based on Gene Ontology
biological process assignments. Other multiple gene categories were
transcription, protein synthesis, and mitochondrial biogenesis. Fif-
teen genes could not be categorized together. All of the 33 genes
have conserved human orthologs, with several previously identified
in analyses of Myc/MYC target genes (21–30). We take the high
number of previously reported Myc/MYC targets in our dataset as
confirming the effectiveness of our screening approach.
We next scored the mean nucleolar area (α-Fibrillarin stain)

for 12 individual larval muscles from each knockdown experi-
ment (Fig. 2B and Dataset S4). For all genes except Myc and
rhea, the nucleolar area resulting from knockdown was greater
than that in controls. This is likely due to increased ribosomal
nucleolar stress, as evidenced by the uneven DAPI and Fibrillarin
staining and consistent with a previous report (31). Concurrent
knockdown of Myc and the 10 genes with the highest-scoring
nucleolar area phenotypes dramatically reduced the area com-
pared with each gene alone (Fig. 2 C and D), indicating that the
function of these genes with respect to nucleolar size depends on
Myc expression level.

Insulin/Nucleolus Gene Set Is Enriched for Myc Targets. To determine
which of the 33 genes might be direct downstream targets of
Myc, we performed chromatin immunoprecipitation sequencing
(ChIP-seq) with a Myc antibody on dissected larval cuticle/
muscle preparations (SI Appendix, Fig. S1A). Data from 3 biological
replicates were combined to yield better peaks (SI Appendix, Fig.
S1B). A total of 3,442 genes had a Myc-binding site within 5 kb of
their transcription start site (MACS; P < 0.0001), representing
approximately 25% of the genome (Fig. 3A and Dataset S5).
Considering only the 32 genes, other than Myc itself, that were
included in the overlap set of insulin and nucleolus datasets and
had nucleolus phenotypes, 22 (69%) had a Myc site within 5 kb of
the transcription start site, a 2.8-fold enrichment (P = 1.7e-7). We
observed a similar 2.86-fold enrichment (P = 5.2e-12) of insulin
regulated/nucleolus overlap genes using ChIP data previously gen-
erated from Drosophila Kc cells (Fig. 3A) (32). These data suggest
that our approach is indeed able to enrich for Myc-regulated genes.
We next knocked down or overexpressed Myc using the

Dmef2-Gal4 driver line and examined expression levels in the
third instar larval muscle of the 32 genes (other than Myc) with a
nucleolus phenotype (Fig. 3B). Of these genes, 25 were signifi-
cantly down-regulated in Myc RNAi muscles relative to control,
while 26 were significantly up-regulated in Myc-overexpression
muscles (P < 0.01) relative to control. Thus, Myc modulates the
expression of approximately 75% of the putative Myc target
genes present in our insulin/nucleolus dataset, with 19 of the 32
genes found in all 4 datasets (Myc RNAi qPCR, Myc over-
expression qPCR, larval muscle Myc ChIP-seq, and Kc cell
ChIP-seq) (Fig. 3C and Dataset S6).

aaRS Knockdown/Inhibition Blocks Myc-Induced Nucleolar Hypertrophy
and Cell Proliferation. To identify Myc targets that could be phar-
macologically targeted, we focused our attention on Aats-tyr, the

Fig. 1. Insulin-responsive temporally differentially expressed genes. (A) RNA-seq of 10 different time points at 20-min intervals (3 biological replicates per
time point) after insulin stimulation of Drosophila S2R+ cells. (B) RNA-seq data for Thor and Myc, both known to be transcriptionally regulated by insulin
signaling in Drosophila. (C) 163 genes overlapped between 1,254 insulin-regulated genes and 750 previously identified nucleolus regulators. (D) Scheme for
identification of genes affecting nucleolar morphology/growth. (E) Control ventrolateral muscles from third instar larvae stained for DAPI (nucleus) in blue
and anti-Fibrillarin (nucleolus) in red.
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Drosophila tyrosyl aaRS. aaRSs are essential enzymes for all cellular
life and have been pursued as drug targets in bacteria, fungi, and
eukaryotic parasites (33, 34). Dmef2-Gal4–driven knockdown of
Aats-tyr in the larval muscle resulted in a slight increase in nucleolar
size (Fig. 2B), accompanied by disrupted nuclear DAPI staining
and nucleolar α-Fibrillarin staining (Fig. 3D). However, Aats-tyr
knockdown strongly suppressed the nucleolar hypertrophy result-
ing from Myc overexpression in the larval muscle (Fig. 3D). Im-
portantly, we tested all the aaRS genes identified by Myc ChIP-seq
(Fig. 3E) and found that knockdown of each was able to suppress
Myc-induced nucleolar hypertrophy. This supports the idea that
their canonical role in charging tRNAs with amino acids is what
determines the suppression of Myc-induced hypertrophy.
We next explored the effect of aaRS inhibition in a human

mammary epithelial cell (HMEC) line in which the presence of
doxycycline (dox) induces MYC expression from a tet-inducible
promoter (SI Appendix, Fig. S2) (35, 36). The addition of dox to
HMEC-MYC cells for 24 h induced strong MYC up-regulation (SI
Appendix, Fig. S2), increasing the nucleolar area and cell proliferation
relative to control (Fig. 4 A–C). Consistent with our observations in
Drosophila, we also observed increased expression of several aaRS
genes in dox-treated HMEC-MYC cells relative to control (Fig. 4D).
To test the effect of aaRS inhibitors for their ability to selectively

target MYC-overexpressing cells, we compared noninduced control
HMEC-MYC cells and dox-treated HMEC-MYC cells after 24 h of
aaRS inhibition. Cell number/viability was assayed with CellTiter-
Glo luminescent cell viability assay reagent (Promega). Borrelidin
blocks most bacterial and eukaryotic threonyl-tRNA synthetases
with sub-nM affinity (37). At concentrations of 100 nM and above,

borrelidin treatment selectively killed HMEC-MYC + dox cells
compared with control HMECs (Fig. 5A). Halofuginone inhibits
dual glutamyl-prolyl-tRNA synthetase and has been designated an
orphan drug for the treatment of scleroderma (38). Similar to
borrelidin, at concentrations 100 nM and above, halofuginone selec-
tively killed HMEC-MYC + dox cells compared with control
HMECs (Fig. 5B). The amino acid isoleucine analog thiaisoleucine
competes with isoleucine for binding to isoleucyl-tRNA synthetase
(39, 40), and this compound selectively killed HMEC-MYC + dox
cells compared with control HMECs at concentrations of 1 μMand
above (Fig. 5C). Finally, we tested capsaicin, which had previously
been identified as an analog of tyrosine that competes for binding to
tyrosyl-tRNA synthetase (41). Of the 4 compounds, this was the
least effective at selective killing of HMEC-MYC + dox cells com-
pared with control HMECs (Fig. 5D). Halofuginone, borrelidin, and
thiaisoleucine treatment triggered strong caspase staining and nu-
clear fragmentation in HMEC-MYC + dox cells, but not in control
HMEC-MYC cells (Fig. 5E and SI Appendix, Fig. S3), indicating
that the combination of MYC overexpression and aaRS inhibition
causes apoptotic cell death.
Finally, to determine whether the effects of the compounds

were due to competitive inhibition of the aaRSs, we tested
whether addition of the cognate amino acid for each targeted
aaRS could inhibit HMEC-MYC killing. Cell viability was rescued
by the addition of 2 mM threonine, proline, and isoleucine to
borrelidin-, halofuginone-, and thiaisoleucine-treated cells, respectively
(Fig. 5F). Importantly, this rescue was specific to the amino acid and
compound, demonstrating that the cellular effects of the compounds
are the result of direct inhibition of a specific aaRS.

Fig. 2. Identification of Myc-dependent nucleolus regulators in Drosophila. (A) List of 33 genes that were lethal when knocked down and were required
for normal nucleolus morphology. (B and C) Area of α-Fibrillarin (nucleolus) stain following knockdown of each gene by Dmef2-Gal4; UAS-RNAi (B) or
simultaneous knockdown of Myc and the 10 genes with the highest-scoring nucleolar area phenotype (C). Circles represent the total areas from single VL4
muscles from individual larvae. Horizontal lines denote the grand mean. (D) Dmef2-Gal4 knockdown of Surf6 causes enlarged nucleolus and nucleus
compared with control white knockdown. Concurrent knockdown of Myc blocks the Surf6 nucleolus phenotype. DAPI (nucleus) is in blue, and α-Fibrillarin
(nucleolus) is in red.
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To identify druggable MYC downstream targets that mediate
its role in tumorigenesis, we used nucleolus size as a proxy for
Myc-driven growth in Drosophila larval muscles and identified 33
potential Myc target genes involved in growth regulation. The
largest subset of these comprised genes involved in RiBi, and
when knocked down, most produced abnormally enlarged nu-
cleoli with uneven DAPI and Fibrillarin staining. One explana-
tion for this phenotype is that loss of a single component of the
translation machinery causes defective RiBi, loss of cell ho-
meostasis, and nucleolar stress, as is seen in ribosomapathies
(42). In contrast, Myc knockdown leads to regulated global re-
duction in RiBi and the protein synthesis machinery, which we

hypothesize can attenuate the stress caused by KD of a single
component. This phenotype could be exacerbated in the rapidly
growing Drosophila larval muscle cells.
One of the less studied aspect of MYC control of protein

synthesis is the regulation of aaRSs. Expression profiles of aaRSs
indicate up-regulation in several cancers (43). Importantly, these
proteins have been successfully targeted by drugs. In the present
study, the most effective compounds were halofuginone and
borrelidin, and the antiproliferative effects of both of these drugs
in HMECs were heightened by increased MYC levels.
The MYC oncogene promotes growth by initiating a strong

and balanced program of protein and RNA synthesis, with increased

Fig. 3. Enrichment of Myc targets reveals aaRSs as mediators of nucleolar hypertrophy. (A) Enrichment of Myc-binding sites in muscle ChIP-seq data and
previously published data from Kc cells. The percentage of genes with a Myc site is lowest in the total genome, increases in the nucleolus/insulin overlap gene
set, and is highest in the overlap gene set with a knockdown phenotype. P values are shown for overenrichment based on the hypergeometric distribution. (B)
qPCR of putative Myc targets from Dmef2-Gal4 > UAS-MycRNAi larval muscle or Dmef2-Gal4 > UAS-Myc overexpression muscle normalized to Dmef2-Gal4 >
UAS-whiteRNAi control. Significant changes in gene expression are indicated by purple squares for Myc overexpression and by orange circles for Myc
knockdown. (C) Venn diagram showing overlap of the nucleolus/insulin overlap gene set with positive scoring genes from qPCR of Myc knockdown, qPCR of
Myc overexpression, Myc ChIP-seq of larval muscles, and Myc ChIP-seq of Kc cells. The 19 common genes are listed. (D) Aats-tyr knockdown suppresses nu-
cleolar hypertrophy induced by Myc overexpression. Dmef2-Gal4 was used to drive expression of UAS transgenes in larval muscle. Larvae were stained for
DAPI (nucleus) in blue and α-Fibrillarin (nucleolus) in red. (E) Knockdown of 8 additional aaRS genes was able to suppress Myc-induced hypertrophy to wild-
type levels. Mean area of α-Fibrillarin stain (nucleolus) from single VL4 muscles (>6 larvae) following knockdown of each gene by Dmef2-Gal4+/− UAS-Myc.

Fig. 4. MYC induces nucleolar hypertrophy, proliferation, and aaRS expression in HMECs. (A) HMEC MYC + dox (10 ng/mL) cells show larger nucleolar size
compared with control HMEC cells after 24 h. Cells are stained with DAPI (blue) and α-Fibrillarin (red). (B) Quantitation of the increased mean nucleolar area in
HMEC MYC + dox cells (P < 0.01). (C) Growth curves of HMEC MYC (orange line) vs. control cells (blue line) treated with 10 ng/mL dox. MYC expression
increases the rate of growth. (D) qPCR of aaRS genes in dox-treated HMEC MYC normalized to dox-treated control HMECs. MYC induction significantly
increased aaRS expression (P < 0.01).
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RNA synthesis driving a demand for increased protein synthesis
capacity. The importance of tight control of RiBi and translation is
evident in the coregulation of these processes by the transcriptional
repressor MNT. Previous analysis of Myc-regulated genes in Dro-
sophila showed that expression of several genes predicted to be in-
volved in RiBi, including several genes identified in the present study,
were partially rescued in Myc;Mnt double mutants (44). Thus, a
balanced expression of RiBi components is maintained by input from
both the transcriptional activator Myc and the repressor Mnt.
By generating an imbalance through interfering with protein

synthesis, we can create a catastrophic situation in which the
translation machinery is incapable of handling the increased
demand, disrupting protein synthesis homeostasis in a toxic
manner. A similar situation is thought to occur with PI3 kinase-
driven cell growth, in which the increased protein synthesis is
balanced with an increase in protein degradation. We recently
performed a synthetic lethal screen for PI3K activation and
found that interference with either protein synthesis or protein
catabolism was synthetically lethal, but simultaneous impairment
of both pathways caused no lethality, as the balance of compet-
ing needs was restored (14). In another study, we found splicing

interference in MYC-overexpressing cells (6, 45), which would
impair the mRNA component of the balanced program driven by
MYC, much like our tRNA synthesis inhibition. Based on these
findings, we believe that we have uncovered a general principle
whereby the generation of an imbalance in an otherwise balanced
progrowth oncogenic program can be selectively toxic to cancer
cells. This may provide a general principle by which therapeutic
approaches to tumorigenesis can be designed.

Materials and Methods
Immunostaining and Antibodies. Third instar larval body wall muscles were
dissected and fixed for 20 min in phosphate-buffered saline (PBS) with 4%
formaldehyde. Cultured cells were fixed in 2% formaldehyde for 1 h. After
washing in PBS containing 0.1% Tween-20 (PBT), samples were incubated
overnight at 4 °C with rabbit α-Fibrillarin (1:300, ab5821; Abcam). The samples
were then washed in PBT and incubated with Alexa Fluor-conjugated secondary
antibodies (1:1,000; Molecular Probes) and DAPI (1 μg/mL; Sigma-Aldrich). Larval
tissues were washed in PBT and mounted in 1:1 glycerol/PBS, and images were
acquired with a Leica SP2 laser scanning confocal microscope. Cultured cells
were washed in PBT and then PBS, and imaged with a GE IN Cell Analyzer 6000.

Nucleolus Size Analysis. Z-stacks at 40× of single ventral longitudinal (VL4)
muscles were obtained by confocal microscopy. Maximum intensity projec-
tions of the stacks were done with ImageJ. The threshold of the Fibrillarin
channel was produced with the RATS Plugin (noise threshold = 20, lambda
factor = 3, minimum leaf size = 100), and the total nucleolar area per muscle
(n = 12 VL4 muscles) was measured. For cultured cells, ImageJ was used to
threshold the Fibrillarin channel as above, and the total nucleolar area,
number of nuclei, and mean nucleolus size were calculated for 4 replicates.
Mean values were calculated for all measurements, with error bars in-
dicating SEM. P values were calculated using Student’s t test.

qPCR. Muscles from 10 third instar animals were dissected off of the cuticle,
and RNAwas prepared with TRIzol (Invitrogen), followed by purificationwith
the RNeasy Kit (Qiagen). For cell cultures, 5 × 106 HMECs were seeded in T75
flasks and incubated for 48 h. MYC expression was induced by the addition
of doxycycline (10 ng/mL) for 24 h, and RNA was produced as above. cDNA
was synthesized with the iScript cDNA Synthesis kit (Bio-Rad), and qPCR was
performed with iQ SYBR Green Supermix (Bio-Rad) with tubulin and GAPDH
as an internal reference gene control. All experiments were conducted in
triplicate qPCR reactions. Relative mRNA expression was calculated using the
comparative CT method. Primers are listed in SI Appendix.

RNAi. Details of fly strains are provided in SI Appendix. Dmef2-Gal4 females
were crossed to UAS-RNAi males at 27 °C, and progeny were screened for
lethality. For dissections, early third instar (∼72 h after egg laying) larvae
were hand-picked and transferred to new food vials. The larvae were
allowed to forage for an additional 24 h, after which the feeding larvae, not
wandering, were dissected and immunostained (see above). For epistasis,
Dmef2-Gal4 females were crossed to UAS-RNAi + UAS-Myc males.

Identification of Insulin-Responsive Nucleolar Regulators. Drosophila S2R+
cells were incubated 12 h in serum-free Schneider’s Drosophila medium
(21720–024; Thermo Fisher Scientific). Cells were then treated with 25 mg/mL
insulin from bovine pancreas (I6634; Sigma-Aldrich) and lysed at 10 dif-
ferent time points at 20-min intervals (3 biological replicates per time point)
after stimulation. RNA-seq was performed with the Illumina Hi-Seq platform
with 100-bp single-end sequencing. Sequencing reads were mapped back to
the Drosophila genome using TopHat, with ∼70% of the sequences uniquely
mapped. Next, expression levels were summarized for each gene from the
sequencing data with read count values (i.e., number of sequenced reads per
exon model) and a >0.97 Spearman’s correlation coefficient between any 2
biological replicates. We modeled the expression levels of each gene as the
added sum of 3 parts: (i) the time effect after insulin stimulation, modeled as
a cubic polynomial of time t; (ii) potential confounding components, such as
batch effects, extracted using surrogate variables; and (iii) random white
noise, modeled as a mean 0 normal distribution. We applied an F-test sta-
tistical framework to test each gene for the null hypothesis that the gene is
not temporally differentially expressed vs. the alternative hypothesis that
the gene is temporally differentially expressed. After correcting for multiple
hypothesis testing, we obtained ∼1,250 temporally differentially expressed
genes with different summary values at P < 0.01. This list was then over-
lapped with a list of 750 high-confidence nucleolar size regulators (20).

Fig. 5. aaRS inhibitors selectively kill c-Myc–overexpressing cells. (A–D) Viability
curves of control HMEC-MYC cells vs. dox-induced HMEC-MYC cells after 24 h of
aaRS inhibition. Cells treated with aaRS inhibitors were normalized to control
untreated cells. Representative cell culture images are shown adjacent to curves.
(A) At 100 nM and above, borrelidin (Borr) selectively kills dox-induced com-
pared with uninduced HMEC-MYC cells. (B) At 100 nM and above, halofuginone
(Halo) selectively kills dox-induced compared with uninduced HMEC-MYC cells.
(C) At 1 uM and above, thiaisoleucine (Thia) selectively kills dox-induced com-
pared with uninduced HMEC-MYC cells. (D) Capsaicin does not selectively kill
dox-induced compared with uninduced HMEC-MYC cells. (E) Halo treatment
triggers cell death of dox-induced HMEC-MYC cells, but not control HMEC-MYC
cells. Cells are stained with DAPI (blue) and α-cleaved caspase-3 (green). (F) Vi-
ability of HMEC-MYC ± dox cells treated with aaRS inhibitors and supplemented
with either controls (ethanol and medium) or amino acids (2 mM). Only the
cognate amino acid for the aaRSs targeted by the drugs were able to rescue cell
viability (Thr/Borr, Pro/Halo, Ile/Thia) P < 0.01.
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ChIP-Seq. Somatic muscles plus cuticle from 30 third instar larvae were dis-
sected in cold PBS, fixed and cross-linked in PBS plus 2% formaldehyde for
10min, afterwhich the reactionwas stoppedwith glycine (final concentration of
50 mM). The tissue was dounce homogenized in nuclear lysis buffer plus
protease inhibitors. Washes and sonication followed the standard mod-
ENCODE ChIP-seq protocol. ChIP was performed with a commercially avail-
able Drosophila Myc antibody (sc-28208; Santa Cruz Biotechnology) following
standard protocol using magnetic protein A and G mixed beads with input
samples as control. Sequencing libraries were prepared with the Wafergen
Apollo 324 system. To obtain the required amount of library material, we
performed an additional round of 10 PCR amplification cycles. Then 50-bp
single-end reads were generated with the Illumina HiSeq 2500 platform.

Identification of Myc-Binding Peaks. Sequence reads were trimmed to remove
3 base pairs at the 5′ end, where the relative sequencing quality score is
significantly lower. Trimmed reads were then mapped back to Drosophila
genome assembly dmel 6 with BWA, and uniquely mapped reads were kept
for analyses. Owing to the low volume of starting materials, a high per-
centage of sequence duplicates were detected in the data. We performed
“de-duplication” for each sample and pooled the reads together as a “pool”
ChIP sample, randomly sampling the same number of reads from their corre-
sponding input control sample to form a pool control sample. MACS2 was
used to identify binding peaks in the “pool” ChIP sample compared with pool
control sample. We also called peaks in each of the 3 biological replicates, and
high signal consistency between each biological replicate and the pool ChIP
sample was observed. As a sanity check, we performed a quick Ebox motif
sequence search and found that 75% of the identified Myc-binding peaks
contained an Ebox motif within 200 bp of the peak summit coordinates.

Human Cell Culture. Inducible MYC cells were derived from HMECs (CC-2551B;
Lonza) immortalized with telomerase and stably transduced with lentivirus
carrying rtTA and MYC under the control of the TRE promoter, as described
previously (35, 36). Cells were maintained in MEGM medium (CC3150; Lonza)
and selected with 2 μg/mL puromycin (Clontech) for 3–4 d following infec-
tion. HMECs lacking inducible MYC served as a control. For proliferation and
drug screening experiments, cells were seeded in 384-well plates in the presence/
absence of 1 ug/mL dox for the indicated times. Cell counts for proliferation rates
were obtained with a hemocytometer. For viability curves, cells were seeded in
the presence/absence of dox for 24 h, followed by the addition of the indicated
amount of drug or ethanol control. Following 24 h of treatment, CellTiter-Glo
reagent (Promega) was added to each well, and luminescence was measured
with a SpectraMax Paradigm Microplate Detection Platform (Molecular Probes).
All experiments were performed in triplicate.

Statistical Analyses. Statistical analyses were performed using Microsoft Excel
or Bio-Rad CFXManager software (for qPCR). Unless noted otherwise, figures
show SEM, and asterisks denote P values < 0.01 (Student’s 2-tailed t test). A
hypergeometric test was used to calculate the significance of enrichment
between 2 datasets.
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Correction

CELL BIOLOGY
Correction for “Interspecies analysis of MYC targets iden-
tifies tRNA synthetases as mediators of growth and survival in
MYC-overexpressing cells,” by Jonathan Zirin, Xiaochun Ni,
Laura M. Sack, Donghui Yang-Zhou, Yanhui Hu, Roderick
Brathwaite, Martha L. Bulyk, Stephen J. Elledge, and Norbert

Perrimon, which was first published July 1, 2019; 10.1073/
pnas.1821863116 (Proc. Natl. Acad. Sci. U.S.A. 116, 14614–
14619).
The authors note that Fig. 5 appeared incorrectly. The cor-

rected figure and its legend appear below.
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Fig. 5. aaRS inhibitors selectively kill c-Myc–overexpressing cells. (A–D) Viability curves of control HMEC-MYC cells vs. dox-induced HMEC-MYC cells after 24 h
of aaRS inhibition. Cells treated with aaRS inhibitors were normalized to control untreated cells. Representative cell culture images are shown adjacent to
curves. (A) At 100 nM and above, borrelidin (Borr) selectively kills dox-induced compared with uninduced HMEC-MYC cells. (B) At 100 nM and above,
halofuginone (Halo) selectively kills dox-induced compared with uninduced HMEC-MYC cells. (C) At 1 μM and above, thiaisoleucine (Thia) selectively kills dox-
induced compared with uninduced HMEC-MYC cells. (D) Capsaicin does not selectively kill dox-induced compared with uninduced HMEC-MYC cells. (E) Halo
treatment triggers cell death of dox-induced HMEC-MYC cells, but not control HMEC-MYC cells. Cells are stained with DAPI (blue) and α-cleaved caspase-3
(green). (F) Viability of HMEC-MYC ± dox cells treated with aaRS inhibitors and supplemented with either controls (ethanol and medium) or amino acids
(2 mM). Only the cognate amino acid for the aaRSs targeted by the drugs were able to rescue cell viability (Thr/Borr, Pro/Halo, Ile/Thia) P < 0.01.
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