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SUMMARY

Exposure to hypoxia is linked to increased cellular plasticity and enhanced metastasis, effects that 

are primarily attributed to the transcriptional activation of large gene programs downstream of 

hypoxia-inducible factors (HIFs). However, translational effects in hypoxia, which likely precede 

transcriptional effects, have remained largely unexplored. Using ribosome profiling, we uncovered 

a selective translational response in acute hypoxia that is eukaryotic initiation factor (eIF)3d/

eIF3e dependent and controls downstream hypoxic responses, including HIF1α accumulation 

and cellular invasion. We further demonstrated that eIF3e copy number and eIF3e and eIF3d 

expression signatures are associated with worsened outcomes for patients with breast cancer. 

Finally, we identified a class of novel small molecules that target eIF3e specifically, reducing the 

translational response to hypoxia and to endoplasmic reticulum (ER) stress, another stressor that 

is dependent on eIF3d-/eIF3e-mediated translation. Our data uncover critical functions for eIF3d/

eIF3e in the hypoxic response and identify a potential means to inhibit stress-induced translation, 

and potentially plasticity and metastasis, mediated by eIF3e.

In brief

Purdy et al. report that eIF3e/eIF3d are required for hypoxia-induced selective mRNA translation 

and induction of pro-metastatic phenotypes. eIF3e and eIF3d RNA signatures correlate with 

worsened overall survival in patients with breast cancer, and the acute translational hypoxic 

response mediated by eIF3e/eIF3d can be inhibited by novel small molecules.

Graphical Abstract
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INTRODUCTION

Despite numerous advances in cancer therapies, breast cancer remains the second leading 

cause of cancer-related deaths among women.1,2 Importantly, nearly all breast-cancer-related 

deaths are attributed to metastatic disease,3 yet a means to target metastasis remains 

elusive. As cancer cells metastasize, they are exposed to numerous stressors that they must 

overcome to survive, grow, and metastasize.4 Recently, the plasticity of mRNA translation 

has been found to play a critical role in this adaptation.5,6 Furthermore, translational 

reprogramming is a major driver of therapeutic resistance leading to poor prognosis.5,7 

Translation dysregulation has long been appreciated in cancer initiation and growth. MAPK 

and mTOR pathways are often highly activated in tumors and largely contribute to tumor 

cells’ ability to meet the increased protein synthesis demand during oncogenesis.8–10 

Furthermore, alterations in expression of ribosomal proteins and eukaryotic initiation factors 

(eIFs) are common in cancer, with many eIFs having defined oncogenic roles.8

Alterations in the translational response to stress can occur independent of transcriptional 

alterations, resulting in more immediate phenotypic responses. Thus, rapid translational 

changes are vital for adaptation to stress.11,12 Many stressors are experienced by metastatic 

cells, such as nutrient deprivation and hypoxia, which cause canonical cap-dependent 

translation to decrease.13 A reduction in translation allows cells to conserve energy and 

building blocks (e.g., amino acids) by limiting the high energy demands of protein 

synthesis.12 However, while canonical cap-dependent translation is diminished under various 
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stressors, subsets of mRNAs are selectively translated via non-canonical mechanisms of 

translation. Selective translation of subsets of mRNAs can be critical for the survival of 

cells in response to stress and thus may be a major contributor to tumor progression 

and metastasis. Recently, members of the eIF3 complex have been implicated in selective 

translation during stress.14–17

The eIF3 complex is composed of 13 subunits, providing a large scaffold that is essential 

for the formation of the 48S preinitiation complex and subsequent translation initiation.18–21 

While the scaffolding function of eIF3 is vital to canonical translation,21 separable functions 

have been ascribed to particular subunits of the eIF3 complex that allow for very precise 

regulation of canonical and non-canonical translation.14–16,21–32 For example, eIF3d is now 

known to bind the 5′ m7G cap of specific mRNAs with stem-loop structures in the 5′ 
UTR.23 This cap-binding activity allows eIF3d to promote or repress the translation of 

specific mRNAs.22,23 Such non-canonical eIF3d-mediated translation is upregulated during 

cellular stress, specifically during glucose deprivation and chronic endoplasmic reticulum 

(ER) stress to promote survival. 14,15 Additionally, eIF3d is known to promote the epithelial-

to-mesenchymal transition (EMT) and may enhance breast cancer metastasis, though direct 

evidence that eIF3d mediates metastasis is lacking.33

The direct binding partner of eIF3d, eIF3e, has also been implicated in cancer, and 

like eIF3d, it regulates the translation of a subset of mRNAs in response to various 

stressors. However, the direct mechanism of eIF3e’s selective translational regulation 

remains unknown.34 The role of eIF3e in tumor progression is complex; it has been 

reported to be either tumor suppressive or promotional, dependent on the context.35–43 

Nonetheless, both eIF3d and eIF3e have described tumor promotional roles, and their ability 

to regulate selective translation may be critical to tumor progression. While several studies 

have elucidated functions for eIF3d or eIF3e individually under basal conditions, few studies 

have focused on both proteins simultaneously, particularly during cellular stress, to uncover 

their overlapping and distinct functions, which would provide important regulatory insights.

One of the most common stressors within the tumor is hypoxia. Hypoxia occurs in 50%–

60% of solid tumors and is well known to promote metastasis via multiple mechanisms. 4 

A majority of the tumor promotional effects of hypoxia are attributed to the downstream 

transcriptional regulation by hypoxia-inducible factors (HIFs).4 Under normoxic conditions, 

HIF1α and HIF2α are constitutively expressed but rapidly degraded by oxygen-dependent 

prolyl hydroxylases (PHDs). However, during low-oxygen conditions, PHDs are inhibited, 

which allows for the rapid accumulation of HIFα proteins. HIFα proteins can then bind 

to HIF1β (also known as ARNT) and act as pleiotropic transcription factors to regulate 

the expression of genes involved in angiogenesis, survival, metabolism, and proliferation, 

among other properties.44 Thus, transcriptional reprogramming in response to hypoxia has 

been well documented45,46; however, the role of non-canonical translation in response to 

hypoxia and the factors governing it is largely unexplored.

Herein, we determine the contributions of eIF3d and eIF3e to translational regulation under 

both normoxic and hypoxic conditions. In normoxia, we identify shared and unique mRNAs 

that are regulated by eIF3d and eIF3e. We demonstrate that the acute response to hypoxia 
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is predominately regulated translationally, with few changes in RNA levels. We find that, 

in most cases, more mRNAs are translationally regulated by eIF3d and eIF3e in hypoxia 

compared to normoxia and that both subunits of the eIF3 complex are required for hypoxic-

induced invasion, demonstrating that their role in selective translation in a reduced oxygen 

environment mediates phenotypes associated with metastasis. Furthermore, we identify an 

acute translational hypoxic response that requires eIF3d and eIF3e. We find that eIF3e copy-

number gain and both eIF3d and eIF3e RNA signatures strongly correlate with worsened 

overall survival in breast cancer. Importantly, we identify a class of novel small molecules 

that target eIF3e, inhibiting the acute hypoxic response as well as hypoxia-induced invasion. 

We further show that this novel class of inhibitors targets stress-induced translation of ATF4 

in response to ER stress, another stress response mediated by eIF3d/eIF3e. Taken together, 

we demonstrate a critical role for eIF3d and eIF3e in the hypoxic response and identify 

first-in-class inhibitors of eIF3e. Such compounds will not only serve as important research 

tools to understand the function of eIF3e in stress-induced translation but may also be 

starting points for developing novel therapeutic interventions for metastasis.

RESULTS

eIF3e and eIF3d have overlapping and distinct functions

To delineate overlapping and distinct functions of eIF3d and eIF3e (a schematic of the 

complex is shown in Figure 1A), we performed ribosome profiling (Ribo-seq) in parallel 

with RNA sequencing (RNA-seq) in a metastatic breast cancer cell line, MCF7-SIX1,47,48 

after small interfering RNA (siRNA)-mediated knockdown (KD) of eIF3e (si3e), eIF3d 

(si3d), or scramble control (siCtrl). Briefly, Ribo-seq identifies the positions of the ribosome 

on RNAs by isolating and sequencing the ribosome-protected fragments (RPFs)49 (Figure 

1B). Furthermore, one can calculate the translational efficiency (TE) of an individual RNA 

by comparing the ratio of RPFs to RNA and determining how these ratios change across 

conditions to identify mRNAs subject to translational regulation. Biological replicates for 

both RNA-seq and Ribo-seq were highly reproducible (RNA-seq R = 0.98, Ribo-seq R = 

0.96) (Figure S1A). All Ribo-seq datasets exhibited the expected ~29-nt RPF lengths (Figure 

S1B), enrichment in the coding sequence (Figure S1C), frame preference (Figure S1D), and 

three-nucleotide periodicity (Figure S1E). We observed the expected reduction in eIF3e and 

eIF3d protein levels after their respective depletion (Figure 1C). While eIF3e KD reduced 

eIF3d protein levels, which has been observed in other systems,50 it did not decrease the 

mRNA levels or RPFs of eIF3d (Figure S1F). These data suggest that eIF3e does not control 

eIF3d levels via transcription, mRNA decay, or translation but that it may instead stabilize 

eIF3d protein post-translationally. Since eIF3d protein levels decrease with eIF3e KD, loss 

of eIF3d may be responsible for a portion of the mRNA translational changes observed with 

the KD of eIF3e.

To identify the mRNAs translationally regulated by eIF3d/e, we calculated TE changes 

upon KD of eIF3d/e compared to the control siRNA.51 Loss of eIF3d or eIF3e resulted in 

significantly altered TE of 742 or 521 mRNAs, respectively (Figure 1D). Similar numbers of 

mRNAs were upregulated (repressed by eIF3d/e) and downregulated (promoted by eIF3d/e) 

upon eIF3d/e KD. There was a statistically significant overlap of 239 mRNAs regulated 
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by both eIF3d and eIF3e (133 promoted and 106 repressed) (Figure 1D). Moreover, the 

direction and degree of translational changes were concordant for mRNAs regulated by 

either eIF3e or eIF3d (R2 = 0.21) (Figure S1G). While some overlap of transcripts regulated 

by eIF3d or eIF3e would be anticipated, as the KD of eIF3e decreased eIF3d protein levels, 

we also found eIF3e and eIF3d to regulate distinct transcripts. We identified transcripts 

regulated by both eIF3d and eIF3e, as well as transcripts regulated specifically by either 

eIF3d or eIF3e, and visualized the representative transcripts (Figure 1E). We identified 

similar pathways enriched or depleted for TE changes upon eIF3e and eIF3d depletion 

(Data S1). Interestingly, mRNAs encoding proteins in the “hypoxia” hallmark gene set were 

significantly enriched with eIF3e KD and to a lesser extent with eIF3d KD (Figure 1F).

eIF3e and eIF3d are necessary for the acute translational hypoxic response

Given the enrichment of the hypoxia hallmark gene set (Figure 1F) and that both eIF3d 

and eIF3e potentiate various stress responses,14,15,25,52–54 we examined their role in the 

hypoxic response. Because the tumor-promotional roles of hypoxia have largely been 

attributed to the transcriptional response downstream of HIF1α,4,55 we first asked if eIF3d 

or eIF3e influences HIF1α expression in response to hypoxic conditions (4 h at 1% O2). 

The hypoxia-dependent increase of HIF1α protein levels was significantly attenuated by 

the depletion of either eIF3d or eIF3e in multiple cell lines, including two metastatic 

breast cancer cell lines (MCF7-SIX147 and MDA-MB-231) and the immortalized human 

embryonic kidney cell line HEK293T (Figures 2A, 2B, and S2A). We further tested whether 

eIF3d and eIF3e are involved in the translational response to hypoxia in two different 

metastatic breast cancer cell lines. Specifically, we performed Ribo-seq in MCF7-SIX1 

and MDA-MB-231 cells ± eIF3d or eIF3e KD under acute hypoxic (1% O2 for 1 h) vs. 

normoxic conditions. We chose an early time point after hypoxia induction (1 h) to examine 

the translational changes that occur prior to the many anticipated transcriptional changes 

downstream of hypoxia-dependent HIF1α induction. RNA-seq and Ribo-seq replicates were 

again highly correlated in these experiments (Figures S2B–S2D). Acute hypoxia led to 

many hundreds more mRNAs with statistically significant changes in RPFs compared 

to RNA levels in both MCF7-SIX1 (Figure 2C) and MDA-MB-231 (Figure 2D) cells. 

Particularly for MCF7-SIX1 cells, more mRNAs exhibited a loss, rather than a gain, of 

RPFs, consistent with diminished canonical translation reported in hypoxia56 (Figure 2C). 

We identified 358 and 544 mRNAs exhibiting statistically significant changes in TE after 

1 h of hypoxia in MCF7SIX1 and MDA-MB231 cells, respectively (Table S1). Strikingly, 

this acute translational hypoxic response was abolished with eIF3e KD and eIF3d KD 

(Figures 2E and 2G) in MCF7-SIX1 cells. The acute translational hypoxic response was also 

significantly inhibited with eIF3e KD and eIF3d KD in the MDA-MB-231 cells (Figures 2F 

and 2H). While we observed decreases in HIF1α protein levels with eIF3d and eIF3e KD 

at the 1-h time point (Figures S2E and S2F), the TE for HIF1α did not change, indicating 

that eIF3d/3e do not directly regulate HIF1α translation in acute hypoxia (Figures S2G and 

S2H). We conclude that translation is the major early form of gene regulation in response to 

acute oxygen deprivation and that eIF3e and eIF3d are required for this acute translational 

hypoxic response and hypoxia-dependent HIF1α induction in multiple contexts.
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We next turned our attention to the full scope of mRNAs regulated by eIF3d and eIF3e 

in both hypoxic and normoxic conditions rather than solely those mRNAs in the acute 

translational hypoxic response. Depletion of eIF3d and eIF3e altered the translation of 

specific subsets of mRNAs, as opposed to globally impacting translation, in both conditions 

and cell lines (Figures S2I and S2J), ranging from as few as 224 mRNAs (eIF3d KD in 

normoxic MDA-MB-231 cells) to as many as 1526 mRNAs (eIF3d KD in hypoxic MCF7-

SIX1 cells). Interestingly, eIF3d KD resulted in more mRNAs translationally regulated in 

hypoxia than normoxia for both cell lines, indicating enhanced activity of eIF3d in response 

to hypoxia. Compared to normoxia, we also observed more mRNAs regulated by eIF3e 

in hypoxia for MCF7-SIX1 cells but not for MDA-MB-231 cells. Indeed, we observed a 

statistically significant overlap for both eIF3d- and eIF3e-regulated mRNAs between cell 

lines in both normoxia (Figures S2K and S2L) and hypoxia (Figures 2I and 2J). To validate 

our Ribo-seq, we examined the changes in protein levels for several of these overlapping 

mRNAs whose translation requires eIF3e and eIF3d in hypoxia in both MCF7SIX1 and 

MDA-MB-231 cell lines. Specifically, we focused on RB1CC1, TEAD1, and PCBP2, which 

all exhibited decreased TE upon eIF3d and eIF3e KD in hypoxic conditions. As expected, 

depletion of eIF3d and eIF3e decreased the protein levels for all three targets after 4 h of 

hypoxia (Figures 2K and 2L). These data robustly demonstrate that eIF3d and eIF3e control 

the translation of a similar, but not identical, subset of mRNAs in multiple breast cancer cell 

lines and that eIF3d activity, in particular, is potentiated by hypoxia.

eIF3e and eIF3d regulate induction of hypoxia and hypoxia-induced invasion

Since eIF3e and eIF3d are required for the acute translational hypoxic response, we wanted 

to explore the functional consequence of their loss to hypoxia-associated phenotypes. To this 

end, we utilized a previously developed hypoxia fate-mapping (HFM) system cultured in 

3D.57 In this system, MDA-MB-231 cells were transduced with two plasmids that enable 

the cells to permanently switch from expressing dsRed during normoxic conditions to 

expressing GFP during hypoxic conditions.57 This fluorescent switch is controlled by a Cre 

recombinase that is transcriptionally regulated via a promoter containing HIF-responsive 

elements (HREs). Therefore, Cre is only able to cut out the dsRed gene and allow GFP 

expression when HIF1α is induced in hypoxic conditions.57 We refer to the HFM cells as 

231HFM. To enable hypoxia to occur in a more natural setting, we embedded the 231HFM 

tumorspheres in a mixture of Matrigel and collagen. Over time, we observed that the 

tumorspheres formed a hypoxic core, as evidenced by the induction of GFP (Figure 3A). 

As anticipated due to reductions in HIF1α levels (Figure 2B), both eIF3d and eIF3e KD 

decreased the ratio of GFP/RFP observed in the tumorspheres over time (Figures 3A and 

3B). Importantly, we also observed that eIF3d KD and eIF3e KD decreased tumorsphere 

invasion, when examined over time (Figure 3C). These data are of interest, as the hypoxic 

response has been linked to invasion.58 In line with this finding, our data show that the 

GFP/dsRed ratio is significantly correlated with increased invasion (Figure 3D) and that this 

correlation is lost with both eIF3e and eIF3d KD. These data demonstrate that eIF3e and 

eIF3d are necessary to mediate the invasive phenotype in response to hypoxia.
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The gene signatures associated with eIF3e and eIF3d predict poor prognosis in patients 
with breast cancer

Hypoxia is known to promote tumor progression and correlate with worse prognosis among 

patients with breast cancer.4,55,59 Since our data show that eIF3d and eIF3e promote 

the hypoxic response in breast cancer cells, we asked whether EIF3D or EIF3E was 

dysregulated in large breast cancer patient cohorts, such as METABRIC and TCGA, in a 

manner correlated with survival. We found that 46% and 61% of patients exhibited gain/

amplification in EIF3E alleles in the METABRIC and TCGA datasets, respectively (Figures 

S3A and S3B). In addition, only 4% and 11% of patients exhibited gain/amplification 

in EIF3D alleles in the METABRIC and TCGA datasets, respectively (Figures S3A and 

S3B). Interestingly, in the METABRIC dataset, EIF3E gain/amplification significantly 

correlated with worse prognosis, while EIF3D gain/amplification did not (Figures 4A and 

4B). Although the amplification of neither EIF3E nor EIF3D significantly correlated with 

prognosis in the TCGA dataset, there is a trend of EIF3E amplification correlating with 

worse prognosis (Figures S3C and S3D). However, since the chromosomal location of 

EIF3E (8q23) is very close to that of cMYC (8q24), which is often amplified in many human 

malignancies and acts as a prominent oncogene,60 the prognostic value of EIF3E may be 

driven by cMYC co-amplification. Therefore, we developed RNA-seq signatures for EIF3D 
and EIF3E using the intersection of genes with statistically significant changes in expression 

with eIF3d or eIF3e KD in hypoxia (p < 0.05 and log2 fold change [LFC] >1 or <−1) 

in MCF7SIX1 cells and MDA-MB-231 cells to identify a prognostic signature specific to 

EIF3D and EIF3E independent of cMYC. We stratified patients from the METABRIC and 

TCGA datasets based on the enrichment of EIF3D and EIF3E RNA signatures. Enrichment 

of the EIF3E signature was associated with worsened survival compared to patients depleted 

of the EIF3E signature in both the METABRIC and TCGA datasets (Figures 4C and S3E). 

The eIF3d signature also correlated with overall survival in both datasets, albeit with a 

smaller hazard ratio (HR), indicating the lower predictive value of the EIF3D signature 

(Figures 4D and S3F).

Next, we were interested in the relative contribution of the hypoxia and EIF3D/E signatures 

to worsened patient survival. We started by stratifying patients using a previously published 

42-gene mRNA hypoxia signature conserved across breast cancer cell lines.61 As expected, 

enrichment of the hypoxia signature was associated with worsened patient survival in the 

METABRIC dataset62–64 (Figure S3G). Next, we grouped patients into four categories based 

on high or low hypoxia and high or low eIF3d/e signature enrichment (Figure S3H). The 

groups with high eIF3e signature enrichment had worse survival outcomes than groups with 

low eIF3e signature enrichment for both the low-hypoxia (low 3e-low hypoxia vs. high 

3e-low hypoxia; HR: 1.43, p < 0.001) and high-hypoxia (low-high vs. high-high; HR: 1.36, 

p < 0.012) groups. This result suggests that eIF3e contributes to worse survival outcomes 

together with and in addition to hypoxia (Figure 4E). This was not the case for eIF3d; worse 

prognosis appeared to be driven by the hypoxia signature rather than the eIF3d signature 

(Figures 4F and S3I). Together, these data provide compelling evidence for the value of 

targeting eIF3e in breast cancer.
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Small molecules targeting eIF3e

We previously demonstrated that a small molecule, NCGC00378430 (abbreviated 8430), 

reduces metastasis in an MCF7-SIX1 xenograft model.48 While 8430 decreased the 

interaction between SIX1 and EYA2 (two known tumor-promotional proteins), we also 

observed that levels of both proteins were decreased, and thus the direct target of this 

molecule remained unclear.48 To identify the direct target of 8430, we performed isothermal 

shift assays (ITSAs) on cells treated with 8430 or a vehicle control (DMSO) and found that 

eIF3e was the most significantly stabilized protein in the presence of 8430 (Figure 5A). 

To independently confirm stabilization of eIF3e with 8430, we performed cellular thermal 

shift assays (CETSAs) on MCF7-SIX1 lysates and found that 8430 stabilized eIF3e at 

53°C, while other eIF3 subunits were not stabilized (Figure 5B). After this discovery, we 

synthesized closely related compounds to 8430 and found that an analog compound (209) 

also stabilizes eIF3e in CETSAs (Figure 5B). We then performed isothermal dose-response 

fingerprint (ITDRF) experiments, in which a dose-response curve is generated to calculate 

half-maximal effective concentrations (EC50 s). The calculated EC50 s are 13.6 and 18.3 μM 

for 8430 and 209, respectively (Figures 5C–5F). These data suggest that 8430 and 209 bind 

to eIF3e and provide a potential explanation for the prevention of metastasis by 8430,48 via 

inhibition of eIF3e.

Pharmacologic inhibition of eIF3e inhibits the acute translational hypoxic response

To determine whether our novel class of eIF3e-targeting small molecules inhibit eIF3e-

associated hypoxic responses, we first looked at HIF1α levels after decreasing O2 levels 

to 1% for 4 h, with and without 8430 and 209 treatment. As observed with both eIF3d 

and eIF3e KD, treatment of both MCF7-SIX1 and HEK293T cells with 8430 and 209 

led to reduced HIF1α induction in response to hypoxia (Figures 6A and 6B). Given the 

promising similarities, we performed Ribo-seq in normoxic or hypoxic conditions for 1 h 

± treatment with DMSO (vehicle) or compound 209, which was chosen due to the larger 

reduction of HIF1α levels when compared to 8430 (Figures 6A and 6B). RNA-seq and 

Ribo-seq replicates were again highly correlated in normoxia (R = 0.99 and R = 0.93, 

respectively) and hypoxia (R = 0.99 and R = 0.95, respectively) (Figures S4A and S4B). 

As observed previously in our siCtrl cells (Figure 2E), acute hypoxia caused many changes 

in ribosomal footprints, with minimal changes to transcript levels, indicating translation as 

the major regulatory response at this time point (Figure 6C). In line with our eIF3e-KD 

results (Figures 2E and 2F), the acute hypoxic translational response was largely ablated 

in MCF7-SIX1 breast cancer cells treated with 209 (Figure 6D). Similarly, we identified 

more mRNAs with significantly changed TEs after 209 treatment in hypoxic conditions 

when compared to normoxic conditions (Figure 6E). Neither the RNA levels nor RPFs 

for HIF1α changed in response to 209, again suggesting that eIF3e does not directly 

regulate the translation of HIF1α (Figure S4C). Interestingly, no significant overlap was 

observed between mRNAs translationally regulated by 209 treatment and those regulated 

by eIF3e or eIF3d in normoxic conditions (Figure 6F). In contrast, we observed a highly 

significant overlap between mRNAs regulated by eIF3e and 209 in hypoxic conditions 

(Figure 6G, blue), whereas eIF3d and 209 showed a more moderate, yet significant, overlap 

with specifically the downregulated mRNAs in hypoxic conditions (Figure 6G, yellow). 

These results further suggest that our compound is on target and inhibits eIF3e function. 
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Similar experiments with 8430 (Figures S4D–S4G) also resulted in inhibition of the acute 

translational hypoxia response (Figure S4F) without altering the expression or translation 

of HIF1α (Figure S4G). Taken together, our data demonstrate that there is a unique, eIF3e 

translational mechanism in hypoxia that can be specifically inhibited pharmacologically with 

a small molecule targeting eIF3e.

Pharmacologic inhibition of eIF3e prevents hypoxic-related invasion

Because our novel eIF3e-targeting compounds inhibited HIF1α induction and selective 

translation in response to acute hypoxia, we again utilized the 231HFM tumorsphere model 

to determine whether hypoxia-induced phenotypes could be pharmacologically inhibited. 

Since the tumorsphere assays take place over a week, we assessed the stability of both 

8430 and 209 over time. Our data demonstrate that compound 209 degrades over time in 

our culture media, whereas 8430 is stable over the 7 days used in our tumorsphere assays 

(Figures S5A and S5B). Thus, we used 8430 to examine whether pharmacological targeting 

of eIF3e could inhibit hypoxia-induced phenotypes in 3D over time. Importantly, 8430 

significantly decreased the GFP:dsRed ratio within these tumorspheres over time (Figures 

7A and 7B), similar to eIF3e KD. Furthermore, 8430 decreased tumorsphere invasion over 

the time course of this assay (Figure 7C). The GFP:dsRed ratio was highly correlated with 

invasion for DMSO-treated cells (R = 0.96) and was much lower for 8430 treatment (R 

= 0.47) (Figure 7D), indicating that 8430 leads to a decoupling between HIF1α activity 

and invasion. These data demonstrate the ability of the eIF3e-targeting compound (8430) 

to functionally inhibit hypoxia-induced invasion and provide further evidence that 8430 is 

acting on target given the similarities to eIF3e KD.

Response to additional cellular stressors requires eIF3e and eIF3d and can be inhibited 
with our novel eIF3e-targeting compounds

Because we demonstrate a role for both eIF3e and eIF3d in the hypoxic response and 

because both molecules have been implicated in response to a variety of stressors,14,15,25,52–

54 we further explored whether eIF3d and eIF3e are cooperating to regulate additional 

stress-induced responses and whether our eIF3e-targeting small molecule could inhibit these 

responses. Of interest, we observed that eIF3e and eIF3d both promoted the TE of the 

ATF4 mRNA, a known master transcriptional regulator of the integrated stress response 

(ISR),65,66 in our original Ribo-seq experiment under normoxic conditions (Figure 1E). To 

further explore the role of eIF3e and eIF3d in regulating ATF4 protein expression, we treated 

a variety of cell lines with thapsigargin (TG) or tunicamycin (TM)—two potent inducers of 

the ISR17—to induce ATF4 translation. We verified that the induction of ATF4 is abrogated 

with both eIF3e KD and eIF3d KD in multiple cell lines (Figures S6A and S6B). Of note, 

we noticed abnormally high levels of ATF4 basally in our MCF7-SIX1 cells. We found that 

these cells were uniquely sensitive to siRNA transfection, which activated the ISR (Figure 

S6C). This finding likely explains why we found ATF4 to be an mRNA translationally 

regulated by eIF3e and eIF3d KD without the addition of an ER stressor. Other cell lines 

that were less sensitive to siRNA transfection also retained loss of ATF4 in both eIF3e- 

and eIF3d-KD cell lines after TG and TM treatment. Importantly, both 8430 and 209 also 

significantly attenuated the induction of ATF4 expression after TG treatment in MCF7SIX1 

cells, similar to eIF3d KD and eIF3e KD, and after TM treatment in the MCF7-SIX1 cells 
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(Figures S6D and S6E). Similar results were observed in the MDA-MB-231 model with 

8430/209 + TG; however, reduction of ATF4 did not occur in the 8430/209 + TM-treated 

conditions. Taken together, these data demonstrate that 8430 and 209 can inhibit other 

stress-responsive phenotypes dependent upon eIF3e.

DISCUSSION

In this study, we demonstrate that eIF3d and eIF3e are required for cancer cells to respond 

to hypoxia through regulating a selective translational program and that this translational 

program is critical for the induction of HIF1α and the phenotypic response to hypoxia. 

We further demonstrate that eIF3e and eIF3d RNA signatures are associated with poor 

overall survival in patients with breast cancer. Importantly, we have developed first-in-class 

compounds that target eIF3e and inhibit the acute translational hypoxic response, resulting 

in reduced invasion in response to hypoxia. As we have previously demonstrated that one 

of these novel compounds inhibits metastasis in vivo,48 our results suggest that our first-in-

class inhibitors may reduce metastasis at least in part by altering the response to hypoxia 

through eIF3e.

Hypoxia is a well-known stressor that can promote tumor progression and metastasis.4,55,67 

During stress, cells often downregulate mTOR signaling, thus diminishing canonical eIF4F-

mediated translation. However, a subset of mRNAs is still translated via non-canonical 

translation programs, which is thought to be vital to cellular adaptation. However, the 

hypoxia-induced mechanism by which non-canonical translation is mediated remains 

underexplored. Herein, we find that selective translational regulation by eIF3d and eIF3e 

is critical for the initial response to hypoxia. Interestingly, eIF3d, which can bind the 

7-methylguanosine mRNA cap,14,23 consistently regulated the translation of more mRNAs 

in hypoxia compared to normoxia. It is tempting to speculate that the enhanced eIF3d 

regulatory capacity could be due to opportunistic cap binding in acute hypoxia when eIF4E 

cap binding is attenuated by inhibition of mTOR activity.68,69 Future work will determine 

the precise mechanism of the enhanced translational regulation by eIF3d in hypoxia and 

whether that is the case for other oncogenic stressors, making eIF3d a promising target for 

preferential targeting of cancer cells.

This translational response precedes the well-defined pleiotropic transcriptional response 

of HIF1α—which is attributed to the tumor-promotional effects of hypoxia. Furthermore, 

hypoxia-induced HIF1α accumulation is abrogated by the loss of eIF3d and eIF3e, 

suggesting that inhibition of the hypoxic translational response will also attenuate further 

downstream HIF1α-mediated transcriptional responses. Interestingly, we did not observe 

changes in HIF1α mRNA or RPFs with loss of eIF3d or eIF3e, suggesting that the 

change in HIF1α downstream of eIF3d and eIF3e is a function of altered protein stability. 

Furthermore, we did not see significant changes in HIF1α regulators such as Von Hippel-

Lindau (VHL) protein—the main regulator of HIF1α stability.70 Interestingly, two studies 

discovered that eIF3b, another subunit within the eIF3 complex, can directly bind to proteins 

to prevent their ubiquitination and subsequent degradation.29,71 However, it is currently 

unknown whether this eIF3b-mediated stabilization extends to other VHL targets, such as 

HIF1α, or whether other eIF3 subunits—such as eIF3d or eIF3e—are required. Although 
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our study did not uncover a direct translational effect of eIF3d or eIF3e on HIF1α, a 

previous report demonstrated that eIF3e loss results in decreased HIF1α translation in 

glioblastoma cells.16,54 However, this study utilized a hypoxia mimetic, CoCl2, to stabilize 

HIFα proteins rather than low oxygen levels, which may account for the differences in 

regulation of HIF1α observed when compared to our study. Furthermore, it is possible that 

HIF1α is translationally regulated at a later time point (>1 h).

Our work expands on previous studies that have found a selective eIF3d-dependent 

translational response that occurs when various stressors (glucose deprivation and ISR 

activators) inhibit canonical translation, allowing translation of a subset of mRNAs—such 

as cJUN and ATF4—to promote survival.14–16,72 Furthermore, eIF3e has been shown 

to promote resistance to radiotherapy and is overexpressed in patients with recurrent 

glioblastoma tumors post-radiotherapy, suggesting that eIF3e is required for adapting to 

this stress.54 These data add to the mounting evidence for the crucial role of these translation 

factors for adaptation to a wide variety of stressors, including microenvironmental stressors 

and current therapies.

In line with the critical role of eIF3e/d in stress responses, we found that our eIF3e- 

and eIF3d-associated RNA signatures, as well as a previously described hypoxia RNA 

signature,61 both predict poor prognosis in breast cancer datasets. When taken together 

with our observation that eIF3d and eIF3e KD inhibit pro-metastatic phenotypes such as 

invasion, these findings underscore the potential value of developing small molecules to 

target eIF3e as a novel therapeutic strategy. In our current study, we demonstrate that novel 

small-molecule compounds, 8430 and 209, stabilize eIF3e but not other eIF3 components, 

suggesting that they specifically bind eIF3e. These compounds recapitulate phenotypes seen 

in eIF3e KD cells, such as preventing the acute translational hypoxic response, HIF1α 
induction, HIF1α-mediated dsRed:GFP switch, and invasion in 3D, further suggesting these 

compounds are on target. Importantly, we have previously shown that 8430 can inhibit 

metastasis in our in vivo MCF7-SIX1 xenograft model.48 In that work, we demonstrated 

that 8430 reduced the expression of a pro-metastatic transcription factor, SIX1, and its 

cofactor, EYA2, respectively. 8430 was able to reverse SIX1-mediated transcriptional 

changes, SIX1-and TGFβ-induced EMT, and SIX1-induced metastasis.48 However, we 

did not observe a decrease in the TE of SIX1 or EYA2 with eIF3e KD or with 209 or 

8430 treatment, suggesting that eIF3e indirectly regulates these pro-metastatic transcription 

factors. Nevertheless, it is exciting that 8430 targets eIF3e and inhibits metastasis in vivo. 

To conclusively demonstrate that our eIF3e-targeting compounds are reducing metastasis 

through eIF3e specifically, it will be important to perform genetic experiments in which 

eIF3e is depleted and animals are treated in vivo with 8430. Also, future biophysical studies 

are needed to identify the precise mechanism of action of our compounds on eIF3e and to 

further optimize the compounds to improve drug-like characteristics, such as potency and 

pharmacokinetic parameters. Nonetheless, our compounds can serve as tools to understand 

the function of eIF3e in various cellular contexts.

In addition to hypoxia, tumor cells encounter countless other stressors that are constantly 

fluctuating as they proliferate, deplete resources, and metastasize throughout the body.73 

During these times of cellular stress, tumor cells are in a state of vulnerability and must 
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adapt to survive. The ability of tumor cells to adapt engenders a plasticity that is challenging 

to target therapeutically.5,6,74 Therefore, identifying commonalities between mechanisms 

of adaptation to various stressors and exploiting these vulnerabilities could enable the 

development of novel therapeutic strategies for targeting cancer cells at multiple stages 

of tumor progression, including metastasis.75 Devising novel means to inhibit selective 

translation may be one such approach. Indeed, many studies have shown the importance of 

mRNA translation for tumor plasticity and progression.5,74,76 To this end, various translation 

inhibitors have been developed but have limited use in the clinic, often due to toxicity 

or a lack of efficacy.77,78 However, the development of strategies to specifically inhibit 

stress-induced translation—which is generally highly active in malignant tissues—could 

uncover key vulnerabilities to limit tumor plasticity with minimal toxicities. Our studies and 

others provide a growing body of literature that suggests that IF3d and eIF3e are critical 

for adaptation to a variety of different stressors,14,15,25,52–54 indicating that these proteins 

are viable therapeutic targets, potentially through small-molecule inhibitors such as those we 

have developed for eIF3e.

Limitations of the study

Our current study is focused on the early translational response to stress after 1 h of hypoxia. 

Important alterations to mRNA translation likely occur throughout the adaptation to the 

stressor. Since tumor cells are constantly exposed to chronic and acute stressors, it will 

be important to understand the mechanisms and phenotypic outcomes of adapting to these 

stressors after the initial insult in future studies. Furthermore, in the absence of spike-ins 

for normalization, we may underestimate the extent of global translational alterations in our 

experiment, which could be expected during acute hypoxia. Although we found that eIF3e 

and eIF3d are required for the acute translational response during hypoxia and tumor cell 

invasion, the direct role of eIF3e or eIF3d in metastasis remains unknown. Future in vivo 
studies will elucidate the metastatic roles of eIF3e and eIF3d.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by 

the lead contact, Neelanjan Mukherjee (neelanjan.mukherjee@cuanschutz.edu).

Materials availability

Compound 209 generated in this study will be made available after the completion of a 

materials transfer agreement.

Data and code availability

• The RNA-seq and Ribo-seq data have been deposited at SRA as GSE307666 and 

are publicly available.

• The pipeline and all downstream analysis, which was performed in 

R with custom scripts, are available at https://github.com/mukherjeelab/

2024_eIF3e_hypoxia/ and https://zenodo.org/records/17316520.
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• Any additional information required to analyze the data reported in this paper is 

available from the lead contact (Neelanjan Mukherjee) upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture: Cells were cultured in incubators at 37°C with 5% CO2 

and ~21% O2 (atmospheric). MCF7SIX1 cells (Clone A13) (derived from human female 

breast cancer cells) were generated as previously described.47 The MDA-MB-231 Hypoxia 

fate-mapping cells (derived from human female breast cancer cells) were a generous gift 

from Dr. Daniele Gilkes.57 HEK293T cells (derived from human female embryonic kidney 

cells) were acquired from the University of Colorado Anschutz Medical Campus Cell 

Technology shared resource. The MCF7SIX1 and HEK293T cells were cultured Dulbecco’s 

High Glucose Modified Eagle Medium (DMEM, Hyclone SH30022.01), with which 10% 

fetal bovine serum (FBS, Corning 35–010-CV), and 2 mM L-glutamine (L-glut, Hyclone 

SH30034.02) were supplemented. The MDA-MB-231 cells were cultured with Dulbecco’s 

High Glucose Modified Eagle Medium (DMEM, Hyclone SH30022.01), with which 5% 

fetal bovine serum (FBS, Corning 35–010-CV), 2 mM L-glutamine (L-glut, Hyclone 

SH30034.02), were supplemented. All cell lines were STR profiled at the end of the study 

to ensure identity and were also tested for mycoplasma every 6 months with the MycoAlert 

Mycoplasma Detection Kit (Lonza LT07–118). Cell lines were passaged after thawing prior 

to use in experiments and were re-thawed periodically. 8430 and 209 were resuspended in 

DMSO to a working solution concentration of 20 mM. All experiments with 8430 and 209 

were used at 20 μM (1:1000 dilution) with DMSO as a vehicle control. TG and TM were 

used at 100 nM and 2.5 mg/mL, respectively, with DMSO as a vehicle control.

METHOD DETAILS

siRNA transfections: ON-TARGETplus siRNA SMARTPools were ordered specifically 

for eIF3e (cat #: L-010518–00-0010) and eIF3d (cat #: L-017556–00-0010) from Horizon 

Discovery. ON-TARGETplus non-targeting pool (cat # D-001810–10) was always used as 

a control. siRNA transfections occurred in 25% OPTIMEM Reduced serum media and 

75% full growth media (cat # 31985062). siRNAs were added to the media mixture at 

a concentration of 7.5 nM for 5 min prior to the addition of 1.875 mL Lipofectamine 

RNAI MAX transfection reagent (cat # 13778150) per 1 mL of media. siRNA:lipofectamine 

mixtures were incubated for 20 min before adding it directly onto the cell culture overnight. 

siRNA knockdowns were assessed 48–72 h after the addition of the siRNAs.

Western Blotting: Cells were washed with PBS then either frozen in the plate (dry) or 

lysed fresh with RIPA buffer. Cells were detached and whole-cell protein extracts were 

isolated by lysing cell pellets using RIPA buffer. Collected protein lysates (30–60 μg) were 

separated using polyacrylamide gel electrophoresis, and size-separated proteins were then 

transferred to methanol-activated PVDF membranes followed by the blocking step using 

5% non-fat milk in TBST (20 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20). 

Next, membranes were incubated with indicated primary antibodies (1:1000) overnight at 

4°C. The following day, membranes were washed with TBST and secondary antibodies 
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(1:5000) were applied in 5% non-fat milk in TBST. Finally, membranes were washed and 

examined using chemiluminescence followed by imaging using the Odyssey Fc Imaging 

System (LI-COR Biosciences) or the Azure 600 Gel imaging system (Azure biosystems).

RNA-seq and ribosome profiling: Ribosome profiling was performed as described 

previously with a few modifications.88 The lysis buffer contained 100 μg/mL cycloheximide. 

Following lysis and clarification by centrifugation, total RNA was quantified using the 

Qubit RNA BR assay kit. A portion of the lysate was reserved as input sample for 

RNASeq preparation. Total RNA was extracted using the DirectZol RNA Microprep kit 

(ZYMO Research) following the manufacturer’s instructions with on-column DNase I 

treatment. Ribosomal RNA was depleted from total RNA using our previously described 

RNaseH-based method,89 then input into the KAPA RNA Hyper prep RNAseq library prep 

kit (Roche) according to manufacturer’s instructions with dual-index adapters, followed 

by quality check of the final libraries by Qubit dsDNA HS assay and Tapestation High 

Sensitivity D1000 screentape. Libraries were pooled and submitted for paired-end 150 bp 

sequencing on the Illumina NovaSeq6000 platform to a depth of 40 million paired end reads 

per library.

The remaining lysate was used as input into the ribosome footprinting reaction with 750 U 

RNase I (Invitrogen Ambion). The digestion was stopped with SUPERaseIN followed by 

recovery of monosomes with equilibrated Microspin S-400 HR (GE) columns. Trizol LS 

was added to the monosome-containing elution and RNA isolated with the ZYMO Directzol 

microprep kit with on-column DNase I treatment. The isolated RNA was depleted of rRNA 

using the siTOOLs riboPOOLs kit for ribosome profiling. The samples were resolved on a 

15% TBE-Urea PAGE gel and ribosome protected fragments (RPFs) 28–29 nt in size were 

extracted and recovered. RPFs were treated with T4-PNK then used as input into the Qiagen 

QIAseq miRNA library prep kit with provided single index adapters. Libraries were pooled 

and submitted for paired-end 150 bp sequencing on the Illumina NovaSeq 6000 S4 platform 

to a depth of 50 million paired end reads per library (Novogene Corporation Inc.). Adapters 

were trimmed with Cutadapt.83 UMIs were trimmed and collapsed using UMI-tools.84 

Salmon85 was used for quantifying transcript levels from RNA-seq and Ribo-seq libraries 

using GENCODEv26 transcriptome assembly. Briefly, Salmon data were imported using 

the tximport.79 Transcript expression was quantified using Salmon v1.6 (12). Quality of 

ribosome sequencing data, including ribosome footprint length, p-site positioning, and three-

nucleotide periodicity, was assessed using Ribowaltz.90 All RNA-seq and Ribo-seq reads 

were compared using Pearson correlation, by which an outlier was identified and removed 

from downstream analysis (Hypoxia, si3e, Rep B, RNA-seq). Differential expression and 

translation was calculated using the deltaTE approach.51 The odds ratio and p-value for 

the overlap between genes was performed using a Fisher’s exact test. The pipeline and 

all downstream analysis, which was performed in R with custom scripts, are available at 

https://github.com/mukherjeelab/2024_eIF3e_hypoxia/.

Hypoxic conditions: To provide a hypoxic environment, cells were placed in either a 

modular hypoxic chamber and filled with a premixed gas comprised of 1% O2, or the cells 

were placed in a BioSpherix hypoxic chamber flushed with N2 and CO2 gas. The O2 and 
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CO2 concentrations in the BioSpherix chamber were maintained at 1% and 5%, respectively, 

using a carbon dioxide & oxygen controller (BioSpherix). These conditions were maintained 

constant throughout the course of the experiments. After hypoxic incubation was completed, 

quick lysis (<3 min) of the cells was necessary to prevent reoxygenation from affecting our 

results.

Event-free survival analysis and eIF3e/eIF3d/hypoxia signatures: eIF3e and 

eIF3d RNA signatures were generated by comparing the change in mRNAs levels in siCtrl 

cells compared to KD cells in hypoxia in MCF7-SIX1 and MDA-MB-231 cells. Genes 

included in each signature had a log2 fold change <−1 or >1 and an adjusted p value < 

0.05 in both cell lines, i.e., the intersection. The hypoxia signature was obtained from Ye et 

al., 2018,61 and patients were stratified by enrichment of the signature. mRNA microarray 

data for 2509 primary breast tumor samples were downloaded from cBioPortal for Cancer 

Genomics91,92 from the METABRIC Breast Cancer Study.62,63 Duplicate microarray data 

for patient entries were merged by taking the mean of the Z score for each gene. 

Patients with missing microarray data were removed. After preprocessing, we performed 

downstream analysis on the remaining 1980 patients. mRNA sequencing data for 1102 

primary breast tumor samples were obtained from The Cancer Genome Atlas (TCGA) 

project and downloaded from cBioPortal for Cancer Genomics.91–93 After deduplicating and 

matching to clinical data, 1083 samples were included in downstream analyses.

For copy number variation analysis, patients from the METABRIC Breast Cancer Study 

were grouped by eIF3e or eIF3d copy number. For signature analysis for both METABRIC 

and TCGA cohorts, patients were assigned to groups based on the top quartile of enrichment 

(top 25%METABRIC n = 495, TCGA n = 275) and bottom quartile of enrichment i.e., 

depletion (bottom 25% n = 495, TCGA n = 275) for a given signature. To determine 

statistical differences between groups, each group was compared to the lowest expression 

group (e.g., no CNA for eIF3e, het CNA loss for eIF3d; bottom 25% for signatures). 

Statistics were calculated using a Cox proportional hazards regression analysis.

Tumorsphere assays: 8,000 231HFM cells were plated in each well of a 96-well ULA 

round bottom plate (Corning cat#7007), centrifuged for 3 min at 150 G, then incubated 

overnight. For the siRNA KD experiments, these were plated 24 h after siRNA transfection. 

For 8430 experiments, 8430 (or DMSO) was added to the tumorspheres at time of plating. 

Matrigel (Corning cat#354234) (10mg/mL) was thawed and kept on ice. Matrigel was 

mixed 1:1 with full growth media (addition of DMSO or 8430 was added, if applicable). 

Then, rat tail Collagen I (Corning cat#354249) was added to either 10% total volume (for 

KD experiments) or 3% of the total volume (8430 experiments) and mixed thoroughly. 

This mixture of matrigel, media, collagen was carefully pipetted down the side of the 

wells without disturbing the tumorsphere, then incubated at 37°C for 45 min to solidify. 

Additionally full growth media (with 8430 or DMSO, if applicable), was added on top of the 

solidified matrigel pad. The plate was then added to the incucyte SX5 (sartorius) for images 

to be taken at 4x over time. The green and orange optical module were used to measure the 

fluorescence of the GFP and dsRed, respectively. The brightfield optical module was used 

for total spheroid size and invasion area.

Purdy et al. Page 16

Cell Rep. Author manuscript; available in PMC 2026 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Isothermal shift assays: Full description provided in supplemental information. Cell 

lysates were prepared by suspending frozen cell pellets in 1 mL of lysis buffer: phosphate-

buffered saline supplemented with 0.4% Igepal CA-630, a 1X cOmplete Mini EDTA-free 

Protease Inhibitor Cocktail (Sigma #11836170001), and 1X Pierce Phosphatase Inhibitor 

(Thermo Fisher Scientific #A32957), adjusted to pH 7.4. Cells were lysed through 

sonication. The lysate was then centrifuged at 21,000 g for 15 min at 4°C, and the 

supernatant was collected. Protein concentration was quantified using a bicinchoninic acid 

(BCA) assay (Thermo Fisher Scientific, Waltham, MA), and the lysate was standardized 

to a concentration of 5 mg/mL. Cell lysates were treated with compound 8430 at a final 

concentration of 20 μM, with DMSO adjusted to a 1% final concentration. A vehicle control 

containing only 1% DMSO was simultaneously prepared.

Isothermal proteome profiling using was performed using the ITSA method, as previously 

described.94 A 40 μL aliquot of lysate was dispensed into individually sealable PCR wells 

(4titude Random Access plate, PN 4ti-0960/RA). The sample plate was equilibrated to room 

temperature for 2 min, sealed and positioned in the thermal cycler for a 3-min incubation at 

a constant temperature of 53°C. The plate was then immediately cooled to 4°C, followed by 

centrifugation at 500g for 2 min to remove condensation.

Protein aggregates were pelleted by transferring PCR tubes to 1.5 mL microcentrifuge tubes 

and centrifuging at 21,000 g for 30 min at 4°C. Supernatants were carefully transferred to 

fresh low-retention tubes. Protein samples were denatured and cysteines alkylated by adding 

50 μL of denaturing buffer (8 M guanidine HCl, 100 mM HEPES (pH 8.5), 10 mM TCEP, 

and 40 mM 2-chloroacetamide) and heating samples to 90°C for 10 min. After cooling to 

ambient temperature, 400 μL of cold acetone was added and samples incubated overnight at 

−20°C.

Samples were centrifuged at 21,000 g for 30 min at −10°C. Acetone wash steps were 

performed twice using 80% cold acetone, with intermediate sonication in a Bioruptor at 4°C. 

Acetone pellets were dried and resuspended in a digestion master mix: 10% trifluoroethanol, 

50 mM HEPES (pH 8.5), Lys-C (2 μg, Wako #129–02541), and trypsin (2 μg, Sigma 

#T6567). Samples were suspended by sociation and digested for 16 h at 37°C with constant 

agitation (1,200 rpm) using an Eppendorf Thermal Mixer C. Peptide labeling utilized the 10-

plex TMT reagents (Thermo Fisher Scientific #90110) according to manufacturer protocols.

Peptides were fractionated using an Agilent 1100 HPLC. Mass spectrometric analysis 

utilized a Waters M-class Acquity system coupled with an Orbitrap Fusion (Thermo 

Scientific). Peptides were separated using a gradient elution from 3% to 85% acetonitrile 

over 121 min. MS2 spectra were collected using data-dependent acquisition with specified 

resolution and AGC parameters. Raw mass spectrometry files were processed using 

MaxQuant (version 1.6.3.323) with the Andromeda search engine. Searches were conducted 

against an UniProt human protein database, implementing stringent peptide identification 

criteria. Quantitative analysis employed R (version 3.5.2) with the limma package. Data 

preprocessing included filtering, quantile normalization, and statistical analysis using linear 

modeling and empirical Bayes methods. Multiple testing correction was performed using the 

Benjamini-Hochberg procedure to control false discovery rate.
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Cellular thermal shift assay (CETSA) and isothermal dose-response 
fingerprint (IDRF) CETSA: MCF7SIX1 cells were grown to 95% confluency and 

trypsinized for 5 min at 37°C, neutralized with FBS-containing media and pelleted at 1,000 

RPM for 10 min at 4°C. Cell pellets containing 1.2 × 106 cells were incubated on ice 

for 30 min with 100 μL of lysis buffer containing 50 mM pH 7.5 Tris, 100 mM NaCl, 1 

mM DTT, and protease inhibitor cocktail (Thermo Scientific). The cell pellets were then 

lysed by pulling them through a 23G syringe needle 8 times. Lysed cells were centrifuged 

at 15,000 RPM for 30 min at 4°C and the supernatant collected. Lysate was treated with 

either 20 μM of compound in DMSO or 2% DMSO (CETSA) or a serial dilution of 

compound concentrations (ITDRF CETSA) for 10 min at room temperature. The cell lysate 

was heated at 53°C for 3 min in a thermocycler or incubated at 0°C on ice and rotated 

briefly on a microtube rotator to bring down the condensation on the side of the tube. 

The samples were then transferred to low-adhesion 1.5 mL tubes and centrifuged at 15,000 

RPM for 1 h at 4°C. 30 μL of supernatant was collected from each tube. Western blots 

were performed on the resulting supernatants using the following antibodies: α-GAPDH 

(mouse, GeneTex GT239), α-eIF3a (rabbit, Bethyl A302–002A), α-eIF3b (rabbit, Bethyl 

A301–760A), α-eIF3c (rabbit, Bethyl A300377A), α-eIF3d (rabbit, Bethyl A301–758A), 

α-eIF3e (rabbit, Bethyl A302–984A), α-eIF3k (rabbit, Bethyl A301–762A), and α-eIF3l 

(rabbit, Bethyl A304–754A).

Comparative studies of stability between 8430 and 209

Thin-layer chromatography (TLC): TLC was carried out on a silica plate with 10% ethyl 

acetate-hexane solvent system. 8430 and 209 were treated with buffer for 1, 5, and 7 days 

and checked for decomposition after extraction with sodium bicarbonate dichloromethane.

Quantitative NMR (qNMR): qNMR was used to investigate how much pure 8430 and 209 

were present in the buffer solution. Ethelyne carbonate (13 mg for 209, 11 mg for 8430) 

was considered as internal standard, d 4.49 in DMSO-D6 and 4.54 in CDCl3. For 8430 

qNMR analysis, d 7.20 was considered to be the analyte chemical shift with 2.03 integration, 

whereas d 3.11 was considered with 4.00 integration for 8430 qNMR analysis.

Synthesis of 8430 and 209: Detailed description in supplemental information.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are many different statistical tests used in the study, and each is defined in the 

legend for the respective figure panel. For quantitative and statistical analysis of genomic 

datasets, we recommend users access our code through either GitHub (https://github.com/

mukherjeelab/2024_eIF3e_hypoxia/) or Zenodo (https://zenodo.org/records/17316520). All 

statistical analysis were conducted with R or GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Selective mRNA translation precedes the HIF-mediated transcriptional 

response to hypoxia

• eIF3e and eIF3d are required for the acute selective translational hypoxic 

response

• eIF3e and eIF3d gene signatures predict worse survival in patients with breast 

cancer

• eIF3e-mediated stress-induced translation can be inhibited by small molecules
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Figure 1. Overlapping and distinct functions of eIF3d and eIF3e
(A) Diagram of a simplified eIF3 complex with only eIF3d and eIF3e labeled for clarity.

(B) Outline of the experimental design of Ribo-seq and RNA-seq.

(C) siRNA knockdown (KD) of eIF3d and eIF3e in MCF7-SIX1 cells, followed by western 

blot analysis.

(D) Venn diagram of the overlapping and distinct differentially translated mRNAs after 

eIF3d and eIF3e KD. p values were calculated with Fisher’s exact test.

(E) Heatmap of specific mRNAs that are shared or specific to eIF3d vs. eIF3e. The values 

are Z scores of the TE.

(F) Gene set enrichment analysis for the hypoxia hallmark dataset when eIF3e and eIF3d are 

knocked down.
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Figure 2. eIF3e and eIF3d are required for the acute translational hypoxic response
(A and B) Western blot analysis of HIF1α after eIF3d and eIF3e knockdown (KD) in 

normoxic and hypoxic (4 h at 1% O2) conditions in (A) MCF7-SIX1 and (B) MDA-MB-231 

cells.

(C and D) Log2 fold changes of RPFs (y axis) and RNA levels (x axis) comparing siCtrl 

cells in normoxia vs. hypoxia in (C) MCF7-SIX1 and (D) MDA-MB-231 cells. Only 

mRNAs with a statistically significant difference (adjusted p value [adj p] < 0.05) are shown.
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(E–H) Comparison of TE changes from normoxia to hypoxia in (E) MCF7-SIX1 and (F) 

MDA-MB-231 siCtrl cells (x axis) vs. si3e cells (y axis) or (G and H) si3d cells (y axis). 

Only mRNAs with a statistically significant TE difference (adj p < 0.05) are shown.

(I and J) Venn diagram showing the overlap of mRNAs with statistically significant TE 

changes in MCF7-SIX1 and MDA-MB-231 for (I) eIF3e KD or (J) eIF3d KD.

(K and L) Western blot analysis of high-confidence targets in (K) MCF7-SIX1 and (L) 

MDA-MB-231 cells.
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Figure 3. Loss of eIF3d and eIF3d decreases HIF1α-mediated effects and tumorsphere invasion
(A) Representative images of 231HFM cells grown in tumorspheres embedded in Matrigel 

and collagen I ± eIF3d and eIF3e KD.

(B) Fluorescence ratio of GFP:dsRed over time ± eIF3d and eIF3e KD.

(C) Invasive area of the 231 tumorspheres over time ± eIF3d and eIF3e KD.

For (B) and (C), statistical significance was calculated using a longitudinal mixed-effects 

model in which si3e and si3d were both compared to siCtrl. Data are represented as the 

mean ± SEM from 6–9 replicates per time point and condition.
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(D) Density and contour plot of the normalized invasive area (x axis) and the GFP:dsRed 

ratio (y axis) for siCtrl (left), si3e (middle), and si3d (right). The Spearman correlation 

coefficient and p value are denoted for each.
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Figure 4. eIF3e-associated RNA signature predicts poor prognosis
(A and B) Overall survival rates of METABRIC patients (n = 1980) with breast tumor (A) 

eIF3e gains/amplifications or (B) eIF3d gains/amplifications compared to no copy-number 

alterations (CNAs) in the METABRIC dataset.

(C and D) Overall survival of patients in the METABRIC datasets stratified by (C) eIF3e 

and (D) eIF3d RNA-seq signatures using the intersection of targets in both MCF7-SIX1 and 

MDA-MB-231 cells. For clarity, only the first and fourth quartiles are shown.

(E and F) Overall survival rates of patients in the METABRIC dataset stratified by (E) the 

combination of hypoxia signature and eIF3e or (F) eIF3d enrichment/depletion. The p values 

and hazard ratios were calculated using a Cox proportional hazards regression where each 

group was compared to the control group (e.g., no CNAs for eIF3e, heterozygous (het) CNA 

loss for eIF3d, and bottom 25% for signatures).
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Figure 5. Compounds 8430 and 209 specifically stabilize eIF3e protein in thermal shift assays
(A) Volcano plot of the isothermal shift assay (ITSA) with log2 fold change (x axis) and 

−log10 p value (y axis).

(B) Cellular thermal shift assay (CETSA) followed by western blot showing protein levels of 

eIF3e and multiple other eIF3 subunits in addition to the loading control of GAPDH.

(C and D) Dose response of 8430 for an isothermal dose-response fingerprint (ITDRF) 

assay.

(E and F) Dose response of 209 for an ITDRF assay.

For (D) and (F), data are represented as the mean ± SD from 3 replicates.
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Figure 6. Small-molecule compounds, 8430 and 209, inhibit the acute translational hypoxic 
response
(A and B) Western blot analysis showing HIF1α after 8430 and 209 treatment (24 h 

pre-treatment) in normoxic and hypoxic (4 h at 1%O2) conditions for (A) MCF7-SIX1 and 

(B) HEK293T cells.

(C) Log2 fold change of RPFs (y axis) and RNA levels (x axis) comparing DMSO treatment 

in normoxia vs. hypoxia in MCF7-SIX1 cells. Each dot represents a mRNA transcript.

(D) Comparison of significant TE changes from normoxia to hypoxia in DMSO-treated cells 

(x axis) to TE changes from normoxia to hypoxia after treatment with a209 (y axis).

(E) Barplot of the number of differentially translated mRNAs with 209 treatment in 

normoxia and hypoxia.

(F and G) Barplot of the odds ratio for the overlap of mRNA with TE changes in a209 

treatment compared to those with TE changes in eIF3e or eIF3d KD in (F) normoxia and (G) 

hypoxia. p values were calculated using Fisher’s exact test.
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Figure 7. 8430 inhibits HIF1α-mediated effects and tumorsphere invasion
(A) Representative images of 231HFM cells grown in tumorspheres embedded in Matrigel 

and collagen I ± 8430 treatment.

(B) Fluorescence ratio of GFP:dsRed over time ± 8430 treatment.

(C) Invasive area of the 231 tumorspheres over time ± 8430 treatment.

For (B) and (C), statistical significance was calculated using a longitudinal mixed-effects 

model comparing 209 to DMSO. Data are represented as the mean ± SEM from 6–9 

replicates per time point and condition.
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(D) Density and contour plot comparing the normalized invasive area (y axis) and the 

GFP:dsRed ratio (x axis) in DMSO (left) and 8430 (right) treatment. The Spearman 

correlation coefficient and p value are denoted for each.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RABBIT ANTI-EIF3A Bethyl Cat# A302-002A, RRID:AB_1576520)

RABBIT ANTI-EIF3B Bethyl Cat# A301-761A; RRID: AB_1210995

RABBIT ANTI-EIF3D/EIF3S7 Bethyl Cat# A301-758A; RRID: AB_1210970

RABBIT ANTI-EIF3E Abcam Cat# ab36766, RRID:AB_869604

Rabbit anti-EIF3L Bethyl Cat# A304-753A, RRID:AB_2620948)

Rabbit anti-RB1CC1 Proteintech Cat# 17250-1-AP, RRID:AB_10666428)

Rabbit anti-PCBP2 Thermo Fisher Scientific Cat# PA5-30116, RRID:AB_2547590)

Rabbit anti-Pan TEAD Cell Signaling Technology Cat# 13295, RRID:AB_2687902

Rabbit anti-vinculin Cell Signaling Technology Cat# 13901, RRID:AB_2728768

Mouse anti-beta-actin Sigma-Aldrich Cat# A5316, RRID:AB_476743

Goat anti-Rabbit HRP Licor Cat#: 926–80011 RRID AB_2721264

Goat anti-Mouse HRP Licor Cat#: 926–80010: RRID AB_2721263

Rabbit polyclonal anti-GAPDH Cell Signaling Technology Cat#: 5174S, RRID:AB_10622025

Chemicals, peptides, and recombinant proteins

Opti-MEM I Reduced Serum Medium ThermoFisher Scientific Cat# 31985062

Lipofectamine RNAIMAX Transfection reagent Thermo Fisher Scientific Cat#: 13778150

Phosphate-Buffered Saline pH7.4 ThermoFisher Scientific Cat# AM9625

Bovine-Serum Albumin Bioworld Cat# 22070008-1

Ampicillin Sigma-Aldrich A9518

DMSO ThermoFisher Scientific Cat# BP231100

SuperSignal West Pico PLUS ThermoFisher Scientific Cat# 34579

Thermo Scientific Restore Plus Western Blot Stripping 
Buffer

ThermoFisher Scientific Cat# 46430

SUPERaseIN ThermoFisher Scientific Cat# AM2694

750 U RNase I Invitrogen Ambion Cat# AM2294

Trizol LS Reagent ThermoFisher Scientific Cat# 10296028

Igepal® CA-630 Sigma-Aldrich Cat# I8896

cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich Cat# 11836170001

Pierce™ Phosphatase Inhibitor Mini Tablets Thermo Fisher Scientific Cat# A32957

BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

4titude Random Access PCR Plate, 96-well, sealable Azenta Cat# 4ti-0960/RA

Guanidine Hydrochloride Sigma-Aldrich Cat# G3272

HEPES (≥99.5% titration grade) Sigma-Aldrich Cat# H3375

Tris(2-carboxyethyl)phosphine (TCEP) Thermo Fisher Scientific Cat# 20490

2-Chloroacetamide Sigma-Aldrich Cat# C0267

Lysyl Endopeptidase (Lys-C) Wako (FUJIFILM) Cat# 129-02541

Sequencing Grade Modified Trypsin Sigma-Aldrich Cat# T6567

TMT10plex™ Isobaric Label Reagent Set Thermo Fisher Scientific Cat# 90110
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REAGENT or RESOURCE SOURCE IDENTIFIER

DMSO (≥99.9%, cell culture grade) Sigma-Aldrich Cat# D8418

Critical commercial assays

ZYMO Directzol RNA microprep kit ZYMO Research Cat# R2062

KAPA RNA Hyper prep RNAseq l ibrary prep kit Roche Cat# 08098107702

KAPA Unique Dual-Indexed Adapter Kit Roche Cat# 08861919702

Tapestation High Sensitivity D1000 ScreenTape Agilent Cat# 5067-5585

Qubit dsDNA HS assay ThermoFisher Scientific Cat# Q32851

Qubit RNA BR assay kit ThermoFisher Scientific Cat# Q10210

Human Ribo-Seq rRNA Depletion kit siTOOLs Biotech Cat# dp-K096-042

QIAseq miRNA library prep kit Qiagen Cat# 331502

QIAseq miRNA 96 Index IL (96) Qiagen Cat# 331565

Illustra Microspin S-400 HR columns VWR Cat# 27-5140-01

MycoAlert Detection kit Lonza LT07-418

Deposited data

RNA-Seq This paper GSE307666

Ribo-Seq This paper GSE307666

Experimental models: Cell lines

Human: MCF7-SIX1 Ford et al.47 N/A

Human: MDA-MB-231 (parentals) University of Colorado Cell 
Technologies Shared Resource

RRID:CVCL_0062
RRID: SCR_021982

Human: MDA-MB-231 hypoxia fate-mapping (231HFM) Godet et al.57 N/A

Human: HEK293T University of Colorado Cell 
Technologies Shared Resource

RRID:CVCL_0063
RRID: SCR_021982

Oligonucleotides

ON-TARGETplus Human EIF3E siRNA SMART POOL Horizon Discovery L-010518-00-0005

ON-TARGETplus Human EIF3D siRNA SMART POOL Horizon Discovery L-017556-00-0005

siGENOME Non-Targeting siRNA Control Pool Horizon Discovery D-001810-10-05

Original code

Ribosome profiling analysis pipeline This paper Github link

Recombinant DNA

Plasmid: Bidirectional Luciferase backbone Mukherjee Lab N/A

Software and algorithms

R version 4.1.6 CRAN https://www.r-project.org/

R studio posit https://www.rstudio.com/

ImageJ ImageJ https://imagej.net/ij/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Tidyverse Wickham et al.80 https://www.tidyverse.org/

Tximport Soneson et al.79 https://bioconductor.org/packages/release/
bioc/html/tximport.html

ggplot2 Wickham et al.80 https://ggplot2.tidyverse.org/

DESeq2 Love et al.81 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Bowtie2 Langmead et al.82 https://bowtie-bio.sourceforge.net/bowtie2

Cutadapt Martin83 https://pypi.org/project/cutadapt/

SAMtools Li et al.41 http://www.htslib.org

STAR Dobin et al. https://github.com/alexdobin/STAR

UMItools Smith et al.84 https://github.com/CGATOxford/UMI-tools

Salmonv1.6 Patro et al.85 https://salmon.readthedocs.io/en/latest/
salmon.html

Enhanced Volcano Blighe et al.86 https://bioconductor.org/packages/release/
bioc/html/EnhancedVolcano.html

rstatix Kassambara et al.87 https://rpkgs.datanovia.com/rstatix/

MaxQuant Max Planck Institute/Cox Lab Version 1.6.3.3 (www.maxquant.org)

Perseus Max Planck Institute/Cox Lab Version 1.6.1.3

limma (R Bioconductor package) Bioconductor Version 3.38.3

Instruments

Orbitrap Fusion Tribrid Mass Spectrometer Thermo Fisher Scientific Model: Orbitrap Fusion

Waters M-class Acquity UPLC Waters Corporation Model: Acquity M-class

Agilent 1100 HPLC System Agilent Technologies Model: 1100 Series

Eppendorf ThermoMixer C Eppendorf Cat# 5382000015

Bioruptor Sonicator Diagenode Model: Bioruptor UCD-200
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