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ABSTRACT Oncogenic Ras upregulates aerobic glycolysis to meet the bioenergetic
and biosynthetic demands of rapidly growing cells. In contrast, thioredoxininteracting protein (TXNIP) is a potent inhibitor of glucose uptake and is frequently
downregulated in human cancers. Our laboratory previously discovered that Ras activation suppresses TXNIP transcription and translation. In this study, we developed
a system to study how Ras affects TXNIP translation in the absence of transcriptional
effects. We show that whereas Ras drives a global increase in protein translation, it
suppresses TXNIP protein synthesis by reducing the rate at which ribosomes transit
the coding region of TXNIP mRNA. To investigate the underlying mechanism(s), we
randomized or optimized the codons in the TXNIP message without altering the TXNIP primary amino acid sequence. Translation from these mRNA variants was still repressed by Ras, implying that mRNA secondary structure, microRNAs (miRNAs), RNA
binding proteins, or codon usage does not contribute to the blockade of TXNIP synthesis. Rather, we show that the N terminus of the growing TXNIP polypeptide is the
target for Ras-dependent translational repression. Our work demonstrates how Ras
suppresses TXNIP translation elongation in the face of a global upregulation of protein synthesis and provides new insight into Ras-dependent metabolic reprogramming.
KEYWORDS oncogenic Ras, TXNIP, translation elongation, protein synthesis,
metabolic reprogramming, Warburg effect, glucose, MondoA, metabolic regulation,
translational control
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ctivating mutations in the small Ras GTPases (K-Ras, H-Ras, and N-Ras) are among
the most common alterations in human cancer. The oncogenic mutations render
the Ras proteins constitutively active, which drives uncontrolled proliferation through
the activation of the downstream signaling pathways, such as the mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways (1, 2). Ras
activation also rewires metabolism to accommodate the increased anabolic demands of
rapidly growing and dividing cells. For example, Ras stimulates glucose uptake and
aerobic glycolysis for ATP generation, diverts glycolytic intermediates into biosynthetic
pathways, and upregulates glutaminolysis to fuel central carbon metabolism (3–5). The
glycolytic switch conferred by Ras activation has been classically ascribed to its activation of c-Myc and hypoxia-inducible factor 1␣ (HIF-1␣), which directly drive the
expression of glucose transporters and glycolytic enzymes (6–8). More recent transcriptional analysis showed that oncogenic Ras activates the expression of genes involved
in a spectrum of anabolic pathways, including the hexosamine-, ribose-, and pyrimidinebiosynthetic pathways (9). Each of these biosynthetic pathways is fueled by glucosederived carbons. However, in the absence of glucose availability, ﬂux through these
biosynthetic pathways is limited. Thus, nutrient use must be coupled with nutrient
availability to sustain the rapid growth and division of transformed cells.
Thioredoxin-interacting protein (TXNIP) is a critical negative regulator of cellular
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glucose uptake. It inhibits glucose uptake by removing glucose transporters from the
cell surface (10, 11). Consequently, TXNIP loss is sufﬁcient to drive glucose uptake and
aerobic glycolysis (12–15). Further, TXNIP can also promote oxidation of nonglucose
fuels (16, 17). Therefore, low TXNIP levels support the use of glucose as a fuel, whereas
high TXNIP levels support the use of nonglucose fuels. In addition to this function in
fuel choice, TXNIP has a number of additional antiproliferative activities. For example,
it can drive apoptosis by activating Ask1, and it can drive cell cycle arrest by stabilizing
p27kip1 (18, 19). Given these assorted functions, it is not surprising that TXNIP functions
as a tumor suppressor and is downregulated in a variety of human cancers (20–22).
Transcription of the TXNIP gene is highly, if not entirely, dependent on the MondoA
transcription factor (20, 23). MondoA is a member of the extended Myc network, and
its activity is driven by high glucose levels (24). Thus, the MondoA-TXNIP axis constitutes a negative-feedback loop that regulates glucose homeostasis (15, 25, 26). Our
previous work established that the MondoA-TXNIP axis is downregulated by PI3K,
mTOR, or Myc activation, which contributes to their well-characterized activities in
driving aerobic glycolysis (20, 27, 28). TXNIP is also subject to posttranslational regulation in response to signaling pathways. For example, under energy depletion, AMPK
phosphorylates TXNIP, leading to its degradation and permitting increased glucose
uptake to restore energy homeostasis (10). The general model that emerges from these
studies is that progrowth signals downregulate TXNIP, which subsequently supports
aerobic glycolysis and, presumably, anabolic reactions.
Our laboratory has previously shown that Ras activation downregulates TXNIP
mRNA and protein expression (27). We propose that TXNIP repression provides an
additional route to increase glucose uptake and utilization in response to Ras activation.
In this study, we investigated how Ras inhibits TXNIP expression, with a focus on
posttranscriptional regulation. We show that in spite of driving increased global
translation, Ras suppresses translation elongation of TXNIP mRNA by targeting the N
terminus of the nascent TXNIP polypeptide chain as it exits the ribosome exit tunnel.
RESULTS
RasG12V inhibits TXNIP expression. Our previous data suggest that acute Ras
activation in immortalized human ﬁbroblasts suppresses TXNIP transcription and translation (27). Consistent with Ras blocking TXNIP transcription, we observed a negative
correlation between an H-Ras gene signature and TXNIP expression in breast cancer,
lung adenocarcinoma, and pancreatic adenocarcinoma patient samples using publicly
available data sets (Fig. 1A). Experimentally, expression of activated H-Ras (RasG12V) in
murine embryonic ﬁbroblasts (MEFs) completely abolished TXNIP mRNA and protein
expression (Fig. 1B and C). The complete suppression of TXNIP transcription prevented
us from investigating whether RasG12V regulates TXNIP posttranscriptionally.
To overcome this hurdle, we stably expressed the human TXNIP coding region in
MondoA knockout (KO) MEFs under the control of a constitutive promoter (i.e., control
cells) and examined the effects of Ras activation by expressing RasG12V (i.e., RasG12Vexpressing cells). All subsequent experiments were conducted using these cells unless
otherwise speciﬁed. MondoA KO MEFs lack endogenous TXNIP expression, enabling
investigation of TXNIP expression from the exogenous TXNIP allele (Fig. 1D). In this
experimental system, the level of ectopic TXNIP mRNA was higher in RasG12Vexpressing cells than in control cells (Fig. 1E), yet TXNIP protein expression was
dramatically repressed by RasG12V (Fig. 1F). This experiment suggests that Ras activation
induces TXNIP protein degradation or suppresses TXNIP synthesis.
RasG12V inhibits TXNIP translation. We determined whether RasG12V increases the
rate of TXNIP protein degradation using two methods. We ﬁrst measured TXNIP protein
degradation by blocking de novo protein synthesis with cycloheximide (CHX). We
observed that the half-life of TXNIP protein was about 1 h in control cells and slightly
shorter (about 40 min) in RasG12V-expressing cells, suggesting that Ras activation can
increase TXNIP turnover (Fig. 2A and B). Consistent with this ﬁnding, the proteasome
inhibitor MG132 also increased TXNIP protein levels in RasG12V-expressing cells, but the
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FIG 1 RasG12V inhibits TXNIP expression. (A) Scatter plots showing the relationship between the H-Ras gene signature and the TXNIP
mRNA expression level. Each point represents a single tumor sample from the indicated cancer data set, with sample size indicated.
The correlation coefﬁcient, Pearson’s r, is shown for each data set. (B and C) RT-qPCR (B) and Western blotting (C) were used to
determine relative TXNIP mRNA levels (normalized to that of ␤-actin) and levels of the indicated proteins, respectively, in wild-type
MEFs stably transduced with pBabePuro (Vector) or pBabePuro-H-RasG12V (Ras). (D) Western blotting was used to determine the levels
of TXNIP and Sin3A proteins in MondoA KO MEFs stably transduced with pWzlBlast (Vector) or pWzlBlast-TXNIP CDS (TXNIP). (E and
F) MondoA KO::TXNIP MEFs were stably transduced with pBabePuro (Vector) or pBabePuro-H-RasG12V (Ras), as indicated. RT-qPCR (E)
and Western blotting (F) were used to determine relative TXNIP mRNA levels (normalized to that of ␤-actin) and the levels of the
indicated proteins in each cell population. The experiments shown in panels B and E were repeated at least twice, and representative
experiments are shown. Values are reported as means and SD. Statistical signiﬁcance was determined using t tests. ***, P ⬍ 0.001.

increase was not to the levels observed in control cells (Fig. 2C), suggesting that
increased degradation cannot fully account for lower TXNIP protein expression in
RasG12V-expressing cells.
A number of previous publications have focused on TXNIP degradation (10, 29);
therefore, we elected to investigate whether RasG12V affects the rate of TXNIP protein
synthesis. Newly synthesized proteins were identiﬁed by labeling cells with a methionine analog (azidohomoalanine [AHA]). Following labeling, cell lysates were prepared,
and proteins that incorporated the AHA label were biotinylated using click chemistry
and then enriched on streptavidin beads. Cells were also treated with MG132 to
eliminate degradation, allowing us to examine the effects on TXNIP synthesis alone. As
expected, RasG12V-expressing cells expressed less TXNIP than control cells at steady
state. Importantly, RasG12V-expressing cells had signiﬁcantly less newly synthesized
TXNIP during 1-h or 3-h labeling periods (Fig. 2D). These data suggest that RasG12V, in
addition to triggering TXNIP degradation, also suppresses TXNIP protein synthesis.
To examine inhibition of TXNIP synthesis by activated Ras in more detail, we
designed a luciferase reporter assay. In this assay, the TXNIP coding region (TXNIP CDS)
was fused upstream of and in frame with the open reading frame (ORF) encoding
destabilized luciferase (dsLuc) (Fig. 2E). Therefore, the translation of dsLuc, and the
subsequent luciferase activity, was controlled by translation through the TXNIP CDS. To
minimize transcriptional effects, expression of dsLuc or TXNIP-dsLuc was driven from a
constitutive promoter. dsLuc is a fusion of the luciferase open reading frame with CL1
and hPEST destabilization sequences, which confer a half-life of 0.4 h. In the presence
of CHX, dsLuc activity decreased at similar rates in control and RasG12V-expressing cells,
with a half-life very close to the reported value. In addition, the activity of TXNIP-dsLuc
also decreased at similar rates in both cell types, suggesting the degradation of
TXNIP-dsLuc is dominated by the turnover of dsLuc and is not affected by RasG12V
(Fig. 2F). TXNIP-dsLuc protein was intact, and its level correlated well with its activity
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FIG 2 RasG12V inhibits TXNIP translation. (A) Western blotting was used to determine the levels of the indicated proteins in the
listed cell lines following a time course of treatment with 40 g/ml CHX. Short (SE) and long (LE) exposures allowed better
visualization of the TXNIP signal. c-Myc and Sin3A served as controls for proteins that turn over rapidly or slowly. (B) TXNIP
protein levels in panel A were quantiﬁed using densitometry. Signals from short exposures or long exposures were used for
quantiﬁcation of the control cells (Vector) or the RasG12V-expressing cells (Ras), respectively. The half-life (t1/2) of TXNIP protein
in each cell line was determined and is indicated in the plot. (C) Western blotting was used to determine the levels of the
indicated proteins in the listed cell lines following a time course of treatment with 20 M MG132. (D) Newly synthesized
proteins were enriched by labeling cells with AHA for 1 h or 3 h, followed by biotinylation using click chemistry and afﬁnity
puriﬁcation using streptavidin beads (SA). Western blotting was used to determine the levels of steady-state (Input) and newly
synthesized (SA) TXNIP and Sin3A proteins in the indicated cell lines. (E) Diagram of the pcDNA3.1-TXNIP-dsLuc2CP construct,
in which the human TXNIP CDS was cloned upstream of and in frame with the destabilized luciferase ORF (dsLuc). CMV,
cytomegalovirus. (F and G) Luciferase reporters were transfected into MondoA KO::TXNIP::Vector (Vector) or RasG12V (Ras) MEFs.
Relative luciferase activity, normalized to ␤-Gal activity, of TXNIP-dsLuc or dsLuc was determined following time courses of
treatment with 40 g/ml CHX (F) or 20 M MG132 (G) in the indicated cell lines. The luciferase experiments were repeated
at least twice, and representative experiments are shown. Values are reported as means and SD. (H and I) TXNIP-dsLuc was
transfected into MondoA KO::TXNIP::Vector (Vector) or RasG12V (Ras) MEFs. Western blotting was used to determine the
TXNIP-dsLuc levels following time courses of treatment with 40 g/ml CHX (H) or 20 M MG132 (I) in the indicated cell lines.
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(Fig. 2H). Thus, this reporter system allowed us to investigate how RasG12V regulates
TXNIP protein synthesis.
To focus only on TXNIP synthesis, we blocked proteasome activity with MG132. In
the presence of MG132, RasG12V did not affect the accumulation of dsLuc activity. In
contrast, the activity of TXNIP-dsLuc was signiﬁcantly lower in RasG12V-expressing cells
than in control cells (Fig. 2G). Consistent with these ﬁndings, TXNIP-dsLuc protein
increased over the course of MG132 treatment in control cells, whereas it did not
increase in RasG12V-expressing cells (Fig. 2I). Notably, the baseline level of TXNIP-dsLuc
was higher in RasG12V-expressing cells than in control cells (Fig. 2I), likely because
RasG12V-expressing cells have a higher transfection efﬁciency than control cells. Together, these experiments suggest that RasG12V suppresses TXNIP expression primarily
by decreasing TXNIP synthesis, with an increase in TXNIP degradation as a secondary
contributing factor. Furthermore, the TXNIP CDS is sufﬁcient to confer RasG12Vdependent blockade of TXNIP synthesis, indicating that 5= and 3= untranslated regions
of the TXNIP mRNA are not responsible for the RasG12V blockade.
RasG12V inhibits translation elongation of TXNIP mRNA. Growth factor signaling
promotes global protein synthesis (30, 31). Therefore, it is paradoxical that RasG12V
suppresses TXNIP synthesis. To explore this contradiction further, we ﬁrst determined
whether RasG12V enhances global protein synthesis in MEFs, using AHA labeling. As
expected, global protein synthesis was increased after Ras activation (Fig. 3A). Thus,
even though Ras activation increases global translation, it suppresses translation of the
TXNIP mRNA.
Since the TXNIP CDS is sufﬁcient for translational repression by RasG12V (Fig. 2D and
G), we hypothesized that RasG12V restricts TXNIP synthesis by blocking translation
elongation of the TXNIP message. To test this hypothesis, we used polysome proﬁling
to determine how RasG12V affects the distribution of ribosomes on the TXNIP mRNA and
other messages. To gauge the elongation rate, we used harringtonine, which inhibits
translation by immobilizing initiating ribosomes at the start codon without affecting
elongating ribosomes. Thus, the rate at which ribosomes are cleared from individual
mRNAs in the presence of harringtonine can be used to estimate the elongation rate
(32, 33). Cell lysates from control and RasG12V-expressing cells were subjected to
velocity sedimentation in a sucrose gradient, and the gradient was subsequently
fractionated. The bulk RNA content, which reﬂects rRNA-containing ribosomes in
association with mRNA, was monitored by measuring the optical density at 254 nm
(OD254) across the gradient (Fig. 3B). RNA was puriﬁed from each fraction, and the levels
of gene transcripts of interest were determined by reverse transcription-quantitative
PCR (RT-qPCR). We examined the abundance of heavy-polysome-associated mRNAs
(fractions F7 and F8) from control and RasG12V-expressing cells before and after
harringtonine treatment (Fig. 3B). We next calculated the percent decrease in heavypolysome-associated RNAs of interest caused by harringtonine treatment.
At the bulk RNA level (Fig. 3B), we observed that RasG12V-expressing cells had
signiﬁcantly more heavy-polysome-associated mRNA than control cells, conﬁrming that
Ras activation drives global translation. Moreover, the majority of heavy-polysomeassociated mRNA diminished in the presence of harringtonine in both cell types,
suggesting effective clearance of ribosomes from the majority of mRNA transcripts (Fig.
3B). Conﬁrming the result with bulk RNA, 5srRNA, which is a component of the
ribosome, was more abundant in heavy-polysome fractions from RasG12V-expressing
cells than in those from control cells and was cleared from the heavy-polysome
fractions following harringtonine treatment (Fig. 3C). Similarly, there was more heavypolysome-associated TXNIP mRNA from RasG12V-expressing cells than from control
cells. However, in response to harringtonine treatment, the amount of TXNIP mRNA
associated with heavy polysomes decreased less in RasG12V-expressing cells (23%
decrease) than in control cells (28% decrease), suggesting that active Ras lowers the
rate at which ribosomes transit the TXNIP message (Fig. 3D). For comparison, we
examined actin mRNA, a housekeeping gene expected to be translated efﬁciently. The
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FIG 3 RasG12V inhibits translation elongation of TXNIP mRNA (A) Cells were labeled with AHA for 2 h. Click chemistry was used to
biotinylate the labeled proteins. Western blotting was used to determine the levels of TXNIP and Sin3A proteins and newly synthesized
proteins (SA-HRP) in the indicated cell lines. (B) Chromatograms showing the polysome proﬁle of MondoA KO::TXNIP::Vector (Vector)
or RasG12V (Ras) MEFs before (⫺Harr) and after (⫹Harr) harringtonine treatment. Fraction numbers are shown on the x axis, with
heavy-polysome fractions shaded in yellow. (C to E) RT-qPCR was used to determine the amounts of 5srRNA (C), TXNIP mRNA (D), and
actin mRNA (E) from heavy-polysome fractions of the listed cell population. The amount of heavy-polysome-associated RNA was
normalized to that of total RNA. The percent decrease in heavy-polysome-associated RNA levels caused by harringtonine treatment
was calculated for each cell line. Experiments were repeated twice, and a representative experiment is shown. Values are reported as
means and SD. Statistical signiﬁcance was determined using one-way ANOVA. *, P ⬍ 0.05; ***, P ⬍ 0.001; ns, P ⱖ 0.05.

amounts of heavy-polysome-associated actin mRNA were comparable and decreased
similarly in both cell types after harringtonine treatment, suggesting that translation of
actin mRNA is not affected by RasG12V (Fig. 3E). Together, these data support a model
where ribosomes transit the TXNIP message relatively slowly and are slowed even
further with Ras activation.
The translation elongation rate does not correlate with gene function. We
wondered whether Ras’s blockade of elongation is restricted to TXNIP or whether it
suppresses translation more broadly. To investigate this question, we analyzed data
from a ribosome proﬁling experiment designed to examine translation elongation in
mouse embryonic stem cells (mESCs) (33). We generated an elongation proﬁle for each
gene transcript by calculating the change in the relative ribosome density across the
CDS caused by harringtonine treatment. We next performed unsupervised clustering
on the top 9,962 translationally active gene transcripts based on their elongation
proﬁles. The 9,962 genes were segregated into 10 clusters (C1 to C10) with a wide
dynamic range. For example, ribosomes on transcripts from C1, C3, C9, and C10
elongate extremely fast, whereas ribosomes on transcripts from C4, C6, and C8 elongate extremely slowly (Fig. 4A). An example of a “fast” gene is Hist1h2bc in C3, whereas
an example of a “slow” gene is Epha2 in C8 (Fig. 4B and C). Consistent with our
polysome proﬁling data, ribosomes run off the TXNIP message, found in C7, relatively
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slowly whereas they run off the actin message, found in C5, relatively quickly (Fig. 4D
and E). We performed pathway analysis for the genes in C7 and found that the cluster
was not enriched for growth suppressors. Therefore, messages with elongation dynamics similar to those of TXNIP do not generally encode growth suppressors. Further, this
ﬁnding suggests that Ras suppression of translation elongation might be restricted to
TXNIP mRNA.
Even though growth suppressors did not cluster with TXNIP, we wondered whether
tumor suppressors and oncogenes have different elongation dynamics, allowing difOctober 2018 Volume 38 Issue 20 e00178-18
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or OPT), each of which was further stably transduced with pBabePuro (Vector) or pBabePuro-H-RasG12V (Ras), as indicated. RT-qPCR (B) and
Western blotting (C) were used to determine relative TXNIP mRNA levels (normalized to that of ␤-actin) and the levels of the indicated proteins
in each cell population. Long (LE) and short (SE) exposures allowed better visualization of the TXNIP signal. (D) MondoA KO MEFs were stably
transduced with TXNIP variants (WT, MUT, or OPT). Western blotting was used to determine the levels of the indicated proteins in each cell
population following a time course of treatment with 40 g/ml CHX. The same exposure is shown for comparison of expression levels of the three
TXNIP variants; a shorter exposure is shown for TXNIP-OPT for comparison of degradation rates among different TXNIP variants. The values in
panel B are reported as means and SD. Statistical signiﬁcance was determined using a t test. *, P ⬍ 0.05; **, P ⬍ 0.01.

ferential translational regulation by Ras or other oncogenic lesions. By comparing the
ribosome retention ratios of 134 oncogenes and 107 tumor suppressors, we observed
that the two groups had similar elongation dynamics (Fig. 4F). Together, these results
suggest that rapid elongation dynamics are not generally associated with messages
encoding oncoproteins, nor are slow elongation dynamics associated with messages
encoding tumor suppressors.
TXNIP mRNA primary sequence is not required for RasG12V-dependent translational repression. We next investigated whether the sequence of the TXNIP message
contributed to the RasG12V-dependent blockade of translation elongation. First, we
tested the contribution of the primary sequence of the TXNIP mRNA. We used gene
synthesis to create a TXNIP mRNA with extensive silent mutations across the entire CDS,
TXNIP-MUT. The TXNIP-MUT mRNA is comprised of codons with usage frequencies
similar to those present in the wild-type TXNIP (TXNIP-WT) mRNA (Fig. 5A). In total, we
altered 422 of 1,176 bases of the TXNIP CDS without changing the TXNIP primary amino
acid sequence. We observed that TXNIP-WT and TXNIP-MUT mRNA levels were comparable in control cells and increased upon Ras activation (Fig. 5B). As expected, we
observed that the degradation rates of TXNIP-WT and TXNIP-MUT proteins were similar
to each other, since the amino acid sequence remained the same (Fig. 5D). Nevertheless, TXNIP-MUT protein levels were still repressed by RasG12V, although to a lesser
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extent than those of TXNIP-WT (Fig. 5C). This suggests that the translational repression
of TXNIP by RasG12V is unlikely to be mediated by a feature(s) of the primary sequence
of the TXNIP mRNA, such as mRNA secondary structure, microRNAs (miRNAs), or
sequence-speciﬁc RNA binding proteins.
The WT TXNIP mRNA is comprised of a signiﬁcant number of suboptimal codons and
even some rare codons. Therefore, we speculated that WT TXNIP mRNA might be at a
competitive disadvantage for limited translation machinery in cells where RasG12V
drives global translation. We again used gene synthesis to generate an artiﬁcial TXNIP
mRNA, TXNIP-OPT. In this case, TXNIP-OPT retains the coding capacity of the TXNIP-WT
mRNA, but with suboptimal codons replaced with codons that are most frequently
used. In total, we altered 240 of 1,176 bases (Fig. 5A). We observed that TXNIP-OPT
mRNA was transcribed similarly to TXNIP-WT mRNA (Fig. 5B) and that the degradation
rate of TXNIP-OPT protein was similar to that of TXNIP-WT protein, as expected (Fig. 5D).
The amount of TXNIP protein encoded by the TXNIP-OPT mRNA was much greater than
that encoded by the TXNIP-WT mRNA, suggesting that the use of high-frequency
codons increased the translation efﬁciency of the TXNIP-OPT mRNA. However, TXNIPOPT was still subject to translational suppression by RasG12V (Fig. 5C). This ﬁnding
suggests that Ras activation does not suppress translation of the TXNIP mRNA simply
because it contains suboptimal or even rare codons. Further, the high level of mutation
in the TXNIP-OPT mRNA also supports a model in which the primary mRNA sequence
is not targeted by RasG12V.
RasG12V inhibits TXNIP translation elongation independently of TXNIP’s mRNA
primary sequence. Next, we investigated whether the primary sequence of the TXNIP
mRNA is involved in elongation repression by RasG12V. To test this, we examined the
elongation rates of TXNIP-WT, -MUT, and -OPT messages with and without Ras activation using polysome proﬁling and a ribosome runoff assay (Fig. 6A). In the absence of
harringtonine, the amounts of mRNA of each TXNIP variant that associated with heavy
polysomes were similar in control and RasG12V-expressing cells. Harringtonine treatment caused a decrease in the amount of each TXNIP message associated with heavy
polysomes in both cell types. However, the decrease of each TXNIP message was less
in RasG12V-expressing cells than in control cells. Similar to the previous polysome
experiment, these results suggest that Ras activation slows the ribosome elongation
rates of all three TXNIP messages (Fig. 6B to D). We also observed that ribosomes were
cleared less efﬁciently from the TXNIP-OPT message (24% decrease) than from the
TXNIP-WT message (32% decrease) in RasG12V-expressing cells (Fig. 6B and D). As a
control, actin mRNA exhibited equally efﬁcient ribosome clearance in control and
RasG12V-expressing cells (Fig. 6E). These results further support a model in which
RasG12V suppresses translation elongation of the TXNIP mRNA independently of its
primary sequence or codon usage.
TXNIP N-terminal peptide sequence mediates translational repression by
RasG12V. Together, our results suggest that a feature of the TXNIP protein sequence is
targeted by Ras. Therefore, we investigated which region of the TXNIP protein is
necessary or sufﬁcient for translational repression by RasG12V. To achieve this goal, we
fused different regions of TXNIP to dsLuc (Fig. 7A). As described above (Fig. 2G), RasG12V
did not affect the accumulation of dsLuc activity but completely suppressed the
accumulation of full-length TXNIP [TXNIP(1–391)]-dsLuc activity after MG132 treatment
(Fig. 7B and C). The N terminus of TXNIP is comprised of two related domains, each
forming a ␤-sandwich domain comprised of ␤-strands (34). We initially examined
TXNIP(1–156), which contains only the ﬁrst ␤-sandwich domain. RasG12V partially
suppressed the accumulation of TXNIP(1–156)-dsLuc activity (Fig. 7D). Further, TXNIP(1–
156)-dsLuc protein did not increase in RasG12V-expressing cells (Fig. 7E). The accumulation of TXNIP(1– 87)-dsLuc activity and protein was completely blocked by Ras
activation, suggesting a critical role for the ﬁrst 87 amino acids of TXNIP in RasG12Vdependent translational repression (Fig. 7F and G). TXNIP(88 –391)-dsLuc activity was
only partially sensitive to RasG12V suppression. Further, RasG12V did not affect TXNIP(88 –
391)-dsLuc accumulation, suggesting its synthesis is not blocked by RasG12V (Fig. 7H
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FIG 6 RasG12V inhibits TXNIP translation elongation independently of TXNIP’s mRNA primary sequence. (A) Chromatograms showing
the polysome proﬁles of MondoA KO::TXNIP::Vector (Vector) or RasG12V (Ras) MEFs before (⫺Harr) and after (⫹Harr) harringtonine
treatment. Fraction numbers are shown on the x axis, with heavy-polysome fractions shaded in yellow. (B to E) RT-qPCR was used to
determine the amounts of TXNIP-WT mRNA (B), TXNIP-MUT mRNA (C), TXNIP-OPT mRNA (D), and actin mRNA (E) from heavy-polysome
fractions of the listed cell population. The amounts of heavy-polysome-associated mRNAs were normalized to that of total RNA. The
percent decrease in heavy-polysome-associated RNA levels caused by harringtonine treatment was calculated for each cell line.
Experiments were repeated twice, and a representative experiment is shown. Values are reported as means and SD. Statistical
signiﬁcance was determined using one-way ANOVA. **, P ⬍ 0.01; ***, P ⬍ 0.001; ns, P ⱖ 0.05.

and I). As described above (Fig. 2I), the baseline level of each TXNIP-dsLuc chimera was
generally higher in RasG12V-expressing cells than in control cells, likely due to higher
transfection efﬁciency of RasG12V-expressing cells than control cells (Fig. 7E, G, I, K, and
L). Together, these data support our model, in which the ﬁrst 87 amino acids are
sufﬁcient for translational repression by RasG12V.
To test the potential contribution of the mRNA primary sequence and/or codon
frequency in this context, we fused artiﬁcial TXNIP mRNAs that comprise the N-terminal
87 amino acids encoded by the MUT or OPT TXNIP sequences to dsLuc (Fig. 5A and 7A).
Consistent with our previous ﬁnding showing that RasG12V targets the TXNIP protein
sequence, the activities of TXNIP(1– 87)-MUT– dsLuc and TXNIP(1– 87)-OPT– dsLuc in
response to MG132 treatment were both repressed by RasG12V (Fig. 7J). Further,
TXNIP(1– 87)-MUT– dsLuc and TXNIP(1– 87)-OPT– dsLuc proteins increased in control
cells whereas they failed to accumulate in RasG12V-expressing cells over the course of
MG132 treatment (Fig. 7K and L).
DISCUSSION
Our laboratory previously showed that acute growth factor signaling leads to
dramatic and rapid suppression of TXNIP expression. In that study, the reduction in
TXNIP protein preceded the reduction in TXNIP mRNA, suggesting that growth factor
signaling impacts TXNIP protein synthesis and/or degradation (27). In this study, we
showed that Ras activation suppresses TXNIP mRNA and protein expression. By bypassing transcriptional regulation, we showed that Ras actively represses translation
elongation of TXNIP mRNA. Translating ribosomes continue to transit the TXNIP message (Fig. 3 and 6), albeit at a lower rate in the presence of Ras activation; therefore, we
suggest that RasG12V lowers the rate of elongation rather than causing ribosome stalling.
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FIG 7 The TXNIP N-terminal peptide sequence mediates translational repression by RasG12V. (A) Diagram showing luciferase reporter
constructs, in which the human full-length TXNIP(1–391), TXNIP(1–156), TXNIP(1– 87), TXNIP(88 –391), TXNIP(1-87)-MUT, or TXNIP(187)-OPT was cloned upstream of and in frame with the destabilized luciferase ORF (dsLuc). (B to L) Luciferase reporters were
transfected into MondoA KO::TXNIP::Vector (Vector) or RasG12V (Ras) MEFs. (B to D, F, H, and J) Relative luciferase activity, normalized
to ␤-Gal activity, of each reporter was determined following a time course of treatment with 20 M MG132 in the indicated cell lines.
The luciferase experiments were repeated at least twice, and representative experiments are shown. Values are reported as means and
SD. (E, G, I, K, and L) Western blotting was used to determine the levels of the indicated proteins following a time course of treatment
with 20 M MG132 in the indicated cell lines.

Ras activation also stimulates TXNIP turnover, but this mechanism accounts for only a
fraction (⬃25%) of the effect of Ras activation on TXNIP levels: the repression of TXNIP
synthesis accounts for the majority of the remaining Ras-dependent decrease in TXNIP (Fig.
2). Ras activation represses transcription of the TXNIP gene and controls TXNIP levels
posttranscriptionally by inducing degradation of the TXNIP protein and blocking translation
elongation of the TXNIP message. We speculate that this multifaceted downregulation of
TXNIP expression by activated Ras helps ensure that adequate glucose is available to
support Ras-driven anabolic biosynthetic pathways.
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Growth factor signaling is known to promote global protein synthesis through
upregulation of translation initiation and elongation (30, 31); therefore, it is striking that
Ras activation blocks translation elongation of the TXNIP message. We showed that, like
growth factor signaling, RasG12V upregulates global protein synthesis in MEFs (Fig. 3A).
However, Ras activation blocks TXNIP synthesis. Our analysis of published polysome
proﬁling data suggests that messages with elongation dynamics similar to those of
TXNIP do not generally encode growth/tumor suppressors (Fig. 4). This ﬁnding suggests
that RasG12V-mediated translational inhibition might be restricted to TXNIP or a smaller
set of messages.
We next investigated the mechanisms by which RasG12V speciﬁcally downregulates
the translation of TXNIP mRNA. The artiﬁcial TXNIP mRNAs, TXNIP-MUT and TXNIP-OPT,
are both signiﬁcantly different from TXNIP-WT in primary sequence. TXNIP-MUT is
designed to alter the coding sequence without changing the overall codon usage
frequency. Ras activation suppresses TXNIP expression when it is encoded by TXNIPMUT. Therefore, we propose that Ras regulates TXNIP synthesis by a mechanism
independent of the mRNA primary sequence. TXNIP-OPT is designed with optimal
codon usage, i.e., with increased usage of high-frequency codons, which positively
impacts the elongation rate (35–38). TXNIP-OPT is still subject to RasG12V-dependent
translational repression, suggesting that suboptimal codon usage in the TXNIP message
is not responsible for the translational repression by RasG12V. Supporting our model, in
which the primary sequence of the TXNIP mRNA is not targeted by RasG12V, the rate at
which ribosomes elongate on TXNIP-MUT and TXNIP-OPT mRNAs is lower in the
presence of RasG12V. Together, these experiments suggest that Ras does not require the
primary sequence of the TXNIP mRNA to repress TXNIP synthesis.
The amount of TXNIP protein is greater when it is encoded by the TXNIP-OPT
message than when it is encoded by the TXNIP-WT message, most likely due to its
increased translation efﬁciency (Fig. 5). The expectation for a message translated with
high efﬁciency is high ribosome occupancy and a high elongation rate. Paradoxically,
in control cells, similar numbers of ribosomes seem to bind to TXNIP-WT and TXNIP-OPT
messages, and ribosomes are cleared from both messages similarly (Fig. 6B and D).
There are at least two possibilities that may account for the paradox. First, it is possible
that the limited resolution of the F7 polysome fraction, which likely comprises mRNA
with a high and potentially variable number of ribosomes, masks increased ribosome
occupancy on the TXNIP-OPT message. Nonetheless, in RasG12V-expressing cells, ribosomes are cleared from the TXNIP-OPT message less efﬁciently than from the TXNIP-WT
message. These data suggest that TXNIP-OPT mRNA associates with more ribosomes
than TXNIP-WT mRNA, which is consistent with its higher translation efﬁciency.
Second, it is possible that the protein expression level does not necessarily correlate
with the elongation rate of any given message. We examined the correlation between
the elongation rate, using the “ribosome retention ratio” (as shown in Fig. 4F), and the
GC3 bias, which has been shown to a good indicator of the protein expression level
(39–41). Supporting this idea, we observed a very weak correlation between these two
variables (data not shown). Based on this analysis, we suggest that high protein
expression of TXNIP-OPT is not necessarily related to a higher elongation rate or higher
ribosome density of its message. A higher-resolution approach is required to determine
whether these models, and potentially others, can explain why the TXNIP-WT and -OPT
messages appear to show similar ribosome occupancies.
In contrast to the lack of involvement of the sequence of TXNIP mRNA, we
discovered that the N terminus of the TXNIP protein is necessary and sufﬁcient for
translational repression by RasG12V. We note that the effect of deleting the N terminus
of TXNIP is only partial (Fig. 7H), suggesting that other regions of TXNIP also contribute
to the Ras-dependent blockade of TXNIP synthesis. Using TXNIP truncation variants,
TXNIP(1– 87)-MUT and TXNIP(1– 87)-OPT, we showed again that the peptide sequence
rather than the mRNA sequence encoding the ﬁrst 87 amino acids is required for
translational repression. These data suggest that activated Ras targets the N terminus
of TXNIP as it exits the ribosome, resulting in a decreased rate of translation elongation
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FIG 8 RasG12V suppresses TXNIP translation elongation. In unstimulated cells, a signiﬁcant amount of TXNIP protein
is synthesized from fast translation elongation of the TXNIP mRNA. In Ras-activated cells, TXNIP synthesis is
suppressed due to the reduced rate at which ribosomes translate the TXNIP mRNA via a mechanism(s) that involves
the nascent peptide of the TXNIP N terminus. The ﬁrst 87 amino acids of the TXNIP protein or the ribosome itself
(ribosomal proteins or rRNAs) might be targeted by Ras-dependent posttranslational modiﬁcations, which impede
peptide release, leading to slow elongation.

(Fig. 8). The dependence on the N terminus of TXNIP for Ras-dependent repression is
consistent with our contention that the blockade of translation elongation by Ras may
be restricted to TXNIP or to a small group of proteins that show homology to the TXNIP
N terminus.
We observed two prominent peaks along the TXNIP CDS corresponding to amino
acids 66 and 81 of the TXNIP protein (Fig. 4D), which is an indication of high ribosome
density and potentially slow ribosome translocation. We propose that the slow elongation dynamics in this region of the TXNIP mRNA provides an opportunity for
cotranslational regulation by RasG12V. We examined the ribosome distribution on
ARRDC4 transcript, which is a TXNIP paralog with high conservation in the N terminus
that is also a potent negative regulator of glucose uptake (42). Interestingly, ARRDC4
transcript also shows high ribosome density at the position corresponding to amino
acid 85 of the ARRDC4 protein (data not shown), suggesting that its translation may
also be regulated by Ras.
RasG12V targets the N terminus of TXNIP, but we do not yet understand how that
impacts translation elongation. Accumulating evidence suggests that the nascent
peptide chain regulates translation elongation by peptide sequence-speciﬁc interaction
with the ribosome exit tunnel, which is accompanied by stalled ribosomal complexes
(43–50). In addition, cotranslational modiﬁcation of the protein being translated can
regulate protein synthesis (51, 52). Given these ﬁndings, it is possible that RasG12V
modiﬁes the nascent peptide chain of the TXNIP N terminus, likely indirectly, to impede
the peptide release and the elongation dynamics (Fig. 8). Consistent with this idea,
TXNIP harbors a number of conserved sites for potential posttranslational modiﬁcation
within its ﬁrst 87 amino acids. A second possibility is based on the observation that
modiﬁcations of ribosomal proteins and rRNAs regulate translation in a growth phasedependent manner and in response to environmental signals (53, 54). Therefore, it is
also possible that RasG12V targets the ribosome itself, thereby affecting its interaction
with the nascent peptide chain of the TXNIP N terminus to achieve a speciﬁc blockade
of TXNIP elongation (Fig. 8). Additional studies will be necessary to test these models
and others. Our preliminary studies suggest that canonical Ras effector pathways do
not block TXNIP translation (data not shown). Thus, Ras may drive metabolic reprogramming toward aerobic glycolysis by regulating translation elongation of the TXNIP
mRNA, and potentially other messages, via a novel effector pathway.
MATERIALS AND METHODS
Cell culture and conditions. All cells were maintained at 37°C in 5% CO2 in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) (Gibco; no. 11995-065) supplemented with 10% fetal bovine serum (FBS) (Gibco;
no. 26140-079) and 1% penicillin-streptomycin (Gibco; no. 15140-122). Wild-type and MondoA KO MEFs
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were generated in the laboratory as described previously (23). The MEFs were immortalized with simian
virus 40 (SV40) large T antigen.
Plasmids and virus infection. The retroviral constructs pBabePuro and pBabePuro-H-RasG12V were
gifts from S. Lessnick. Human TXNIP variants (TXNIP-WT, -MUT, and -OPT) were cloned into the pWzlBlast
retroviral vector. TXNIP-MUT and TXNIP-OPT were generated by gBlocks gene fragments (Integrated DNA
Technologies) and Gibson cloning (NEB; no. E2621L). The sequences of TXNIP-MUT and TXNIP-OPT are
available upon request. Retroviruses of each construct were packaged in HEK293EBNA cells with vesicular
stomatitis virus G (VSVG) and gag-pol plasmids. Stable cell lines were generated by retroviral infection
followed by antibiotic selection (2 g/ml puromycin for pBabePuro constructs; 3.5 g/ml blasticidin for
pWzlBlast constructs).
Relative codon adaptiveness. Relative codon adaptiveness for TXNIP-WT, -MUT, and -OPT was
calculated against a mouse codon usage table and plotted using a Web-based graphical codon usage
analyzer (http://gcua.schoedl.de/sequential_v2.html).
Chemicals and reagents. For proteasome inhibition, 20 M MG132 (Calbiochem; no. 474790) was
used for the indicated times. For protein synthesis inhibition, 40 g/ml cycloheximide (Sigma; no. C7698)
was used for the indicated times. For ribosome runoff assays, cells were treated with 2 g/ml harringtonine (Cayman Chemical; no. 15361) for 10 min.
Western blotting. Whole-cell lysate was prepared in ice-cold lysis buffer (400 mM NaCl, 20 mM
HEPES [pH 7.6], 0.1% NP-40, 25% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol [DTT]) containing
protease inhibitors (1 mM phenylmethylsulfonyl ﬂuoride [PMSF], 2.5 g/ml aprotinin, 1 g/ml leupeptin,
1 g/ml pepstatin) and phosphatase inhibitors (phosphatase inhibitor cocktails 1 and 2; Sigma; no. P2850
and P5726). The protein concentration was determined by Bio-Rad protein assay (Bio-Rad; no. 500-0006).
The same amount of protein for individual samples was resolved on SDS-PAGE, transferred to polyvinylidene diﬂuoride (PVDF) membranes, and subsequently blocked in 5% nonfat milk in TBST (1⫻
Tris-buffered saline with 0.1% Tween 20), followed by probing with primary antibodies at 1:2,000 dilution
overnight at 4°C, as follows: MLXIP/MondoA, Proteintech no. 13614-1-AP; TXNIP, Abcam no. ab188865;
TXNIP(JY1), MBL Life Science no. K0204-3 [used only for detection of TXNIP(88 –391)-dsLuc]; H-Ras(c-20),
Santa Cruz no. sc-520; c-Myc(Y69), Abcam no. ab32072. Horseradish peroxidase (HRP)-conjugated mouse
IgG (1:5,000; GE Healthcare; no. NA931V) or rabbit IgG (1:15,000; GE Healthcare; no. NA934V) and Western
Lightning Plus-ECL (PerkinElmer; no. NEL104001EA) were used for signal detection. Experiments were
repeated at least twice, and representative experiments are shown.
Click assay. Cells were cultured with complete medium lacking methionine (⫺Met) (1⫻ DMEM
without L-Gln and L-Met [MP Biomedicals; no. 1642254] supplemented with 4 mM glutamine and 2% FBS)
for 1 h prior to AHA labeling. MG132 (20 M) was added to the ⫺Met medium 30 min before AHA
labeling. AHA (Invitrogen; no. C10102) was then added to the ⫺Met medium at a ﬁnal concentration of
50 M, and the cells were labeled for the indicated times. Whole-cell lysate was prepared in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 0.1%
SDS, 0.25% Na deoxycholate) containing protease inhibitors (1 mM PMSF, 2.5 g/ml aprotinin, 1 g/ml
leupeptin, and 1 g/ml pepstatin) and phosphatase inhibitors (50 mM NaF, 10 mM ␤-glycerophosphate,
and 1.5 mM Na3VO4). The protein concentration was determined by detergent-compatible protein assay
(Bio-Rad; no. 500-0112). Lysate (100 g) was subjected to a click reaction using biotin alkyne (Invitrogen;
no. B10185) and a Click-iT protein reaction buffer kit (Invitrogen; no. C10276) overnight at 4°C, following
the manufacturer’s protocol.
For measurement of global protein synthesis, the same volume of reacted lysate was analyzed by
Western blotting with HRP-conjugated streptavidin (1:2,000; GE Healthcare; no. RPN1231V). For measurement of the TXNIP protein synthesis rate, the reacted lysate was chloroform-methanol (MeOH)
precipitated and resuspended in resolubilization buffer (60 mM Tris [pH 6.8], 1% SDS, 10% glycerol). The
protein concentration was determined using a detergent-compatible protein assay. The resolubilized
lysates (7.5 g) were subjected to streptavidin (SA) afﬁnity puriﬁcation in RIPA buffer at 4°C overnight.
The same amount of lysate (with an equivalent amount of SA afﬁnity-puriﬁed samples as the input) was
subjected to Western blotting. Experiments were repeated at least twice, and representative experiments
are shown.
Luciferase reporter assay. pcDNA3.1dsLuc2CP (dsLuc) was purchased from Addgene (no. 68054).
TXNIP(1–391), TXNIP(1– 87)-WT, TXNIP(1– 87)-MUT, TXNIP(1– 87)-OPT, and TXNIP(88 –391) were PCR ampliﬁed from the respective pWzlBlast-TXNIP (WT, MUT, or OPT) constructs (as described above) with
speciﬁc primers with 25-bp overhangs and subsequently cloned upstream of and in frame with dsLuc in
the pcDNA3.1dsLuc2CP plasmid by Gibson cloning. Transfections were performed 24 h after cell plating,
when the cell monolayers were 60 to 70% conﬂuent. The cells were treated with 40 g/ml CHX or 20 M
MG132 for the indicated times 22 to 24 h posttransfection and harvested in reporter lysis buffer
(Promega; no. E397A). Luciferase reporter assays were performed as previously described (55). Luciferase
activity was normalized to ␤-galactosidase (␤-Gal) activity and presented as a value relative to that at 0
h for both MG132 and CHX experiments. Experiments were repeated at least twice, and representative
experiments are shown. Values are reported as means and standard deviations (SD) of three technical
replicates. The same volume of lysates in reporter lysis buffer was subjected to Western blotting for
validation of the protein expression of the indicated constructs under the listed conditions.
RT-qPCR. Total RNA was extracted using a Quick-RNA miniprep kit (Zymo Research). cDNA was
generated from 100 to 300 ng RNA using a GoScript reverse transcription kit (Promega). qPCR was
performed using a CFX Connect real-time system and CFX manager software (Bio-Rad). Relative mRNA
expression levels were determined from standard curves for each primer set and were normalized to
␤-actin expression. Experiments were repeated at least twice, and representative experiments are shown.
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Values were reported as means and SD of three technical replicates. Statistical signiﬁcance was determined using t tests. RT primer sequences are available upon request.
Polysome proﬁling. Sucrose gradients (10% to 50% or 15% to 60% [wt/vol]) in gradient buffer (15
mM Tris [pH 7.4], 15 mM MgCl2, 100 mM KCl, 1 mM DTT, 100 g/ml CHX) were prepared in 5-ml
ultracentrifuge tubes (Beckman; no. 326819) the night before an experiment and stored at 4°C. Cells were
washed and incubated with ice-cold phosphate-buffered saline (PBS) containing 100 g/ml CHX for 2
min. The cells were scraped into Eppendorf tubes and centrifuged at 2,000 ⫻ g for 4 min at 4°C. The cell
pellet was collected and lysed in polysome lysis buffer (15 mM Tris [pH 7.4], 15 mM MgCl2, 100 mM KCl,
1% Triton X-100, 1 mM DTT, 100 g/ml CHX, 500 U/ml SuperaseIn [Invitrogen; no. AM2696]) containing
protease inhibitors (1 mM PMSF, 2.5 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin) and
phosphatase inhibitors (phosphatase inhibitor cocktails 1 and 2; Sigma; no. P2850 and P5726). The cell
lysate was loaded onto the top of a sucrose gradient and centrifuged at 47,000 rpm for 1 h at 4°C in a
SW55 Ti rotor (Beckman; no. 342194), and centrifugation was stopped with no brake. The centrifuged
sample was fractionated with a syringe pump coupled with a UA-6 detector that continuously monitored
the OD254 values (Teledyne ISCO), and 250-l fractions were collected from the beginning of the 40S
peak toward the end of the gradient. After fractionation, fractions corresponding to 40S, 60S, and 80S
peaks were combined, and fraction numbers were assigned (Fig. 3B and 6A show the fraction numbers
on the x axis). The same volume of each fraction was taken and supplemented with 0.1 ng of luciferase
mRNA (Promega), which served as a spike-in control. RNA was extracted using TRIzol LS reagent
(Invitrogen) and a Direct-zol RNA miniprep kit (Zymo Research). cDNA was synthesized from the same
volume of RNA using a GoScript reverse transcription kit (Promega). Levels of genes of interest were
determined by RT-qPCR. The data were normalized to the luciferase RNA level to account for differences
in RNA extraction and cDNA synthesis. The total RNA level was calculated by summing the qPCR values
from each fraction across the entire gradient; the qPCR values from heavy-polysome fractions were
combined and presented as percent total RNA (Fig. 3B and 6A). Experiments were repeated twice, and
representative experiments are shown. Values were reported as means and SD of three technical
replicates. Statistical signiﬁcance was determined using one-way analysis of variance (ANOVA).
For polysome proﬁling of cells expressing TXNIP-WT, -MUT, or -OPT (Fig. 6), each cell line (MondoA
KO::TXNIP-WT::Vector, -MUT::Vector, -OPT::Vector, -WT::RasG12V, -MUT::RasG12V, or -OPT::RasG12V) for each
treatment group (without [⫺Harr] or with [⫹Harr] harringtonine) was plated and treated individually.
During harvest, control cells with different TXNIP variants (WT, MUT, or OPT) from the same treatment
group were pooled (Vector⫺Harr or Vector⫹Harr). Similarly, RasG12V-expressing cells with different TXNIP
variants (WT, MUT, or OPT) from the same treatment group were pooled (Ras⫺Harr or Ras⫹Harr). The
sample-pooling method was used to ensure identical experimental conditions. The resulting four
samples were subjected to polysome proﬁling and subsequent analysis to determine the RNA levels of
genes of interest.
Informatics. Gene expression values (mRNA expression Z-scores) of TXNIP and H-Ras-dependent
genes (56) were obtained for the breast cancer (METABRIC) (57), lung adenocarcinoma (TCGA) (58), and
pancreatic adenocarcinoma (TCGA, provisional) data sets available on cBioPortal (59, 60; http://www
.cbioportal.org/). For the H-Ras gene signature, the Z-scores of the H-Ras signature genes were subjected
to principal-component analysis (PCA) using the prcomp function in R (https://www.r-project.org/). The
values of principal component 2 were used as the H-Ras gene signature for each tumor sample.
Ribosome proﬁling data were obtained from the Gene Expression Omnibus (GEO) (accession number
GSE30839): 0-s harringtonine treatment sample, GSM765292; 120-s harringtonine treatment sample,
GSM765294 (33). Sequencing data were preprocessed and aligned on the Galaxy server with the
published method (61). To directly compare ribosome occupancies of mRNA transcripts across the entire
genome, the gene transcript length was normalized to 100 bins, and the relative ribosome density
(percent total reads from 100 bins) for each bin was calculated. The data are presented as relative
ribosome density (y axis) against normalized CDS length (x axis). The elongation proﬁle of each gene
transcript was generated by calculating the difference in the relative ribosome density caused by
harringtonine treatment for each bin across the CDS. Unsupervised clustering was performed for the top
9,962 translationally active gene transcripts based on their elongation proﬁles using the Cluster 3.0
program. The clustering result was visualized in a heat map using the TreeView program, in which red
indicates an increase in the relative ribosome density upon harringtonine treatment and green indicates
a decrease in the relative ribosome density upon harringtonine treatment. The ribosome retention ratio
(RRR) was calculated as the percentage of the cumulative relative ribosome density of the last 90 bins for
each transcript in harringtonine-treated samples. An RRR value closer to 0 indicates a higher elongation
rate, whereas an RRR value closer to 1 indicates a lower elongation rate. The lists of oncogenes and tumor
suppressors were obtained from the UniProt database. The ribosome retention ratio of each gene was
plotted as a grouped scatter plot, with the median and interquartile range indicated on the graph.
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