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Most breast cancers depend on hormone-stimulated estrogen receptor alpha (ER) activity
and are sensitive to ER inhibition. Resistance can arise from activating mutations in
the gene encoding ER (ESRI) or from reactivation of downstream targets. Newer ER
antagonists occasionally show efficacy but are largely ineffective as single agents in the
long term. Here, we show that ER translation is elF4E/cap-independent yet sensitive
to inhibitors of the translation initiation factor eIF4A. EIF4A inhibition reduces the
expression of ER and cell cycle regulators such as cyclin D1. This leads to growth suppres-
sion in ligand-independent breast cancer models, including those driven by ER mutants
and fusion proteins. Efficacy is enhanced by adding the ER degrader, fulvestrant. The
combination further lowers ER expression and blocks tumor growth in vitro and in vivo.
In an early clinical trial NCT04092673), the elF4A inhibitor zotatifin was combined
with either fulvestrant or fulvestrant plus CDK4 inhibitor, abemaciclib, in patients with
acquired resistance to these agents. Multiple clinical responses including a handful of
durable regressions were observed, with little toxicity. Thus, eIF4A inhibition could be
useful for treating ER+ breast cancer resistant to other modalities.

estrogen receptor | elF4A | translation | breast cancer | zotatifin

Estrogen receptor alpha (ER) is a member of the extended family of nuclear receptors (1).
Upon estrogen binding, ER translocates to the nucleus, dimerizes, and induces the tran-
scription of an ensemble of genes involved in proliferation, lineage specification, and other
functions (2). ER is required for development of the mammary ductal epithelium and 70
to 75% of breast tumors retain dependence on ER for growth (3, 4). Hormonal therapies
targeting ER are active in these ER+ metastatic breast cancers and have been remarkably
successful in improving outcomes. Unfortunately, resistance to hormonal therapy is nearly
universal, and over 90% of patients develop resistance to various drugs targeting ER (5).
Dysregulation of the PI3K/AKT/mTOR pathway is common in ER-dependent breast
cancer, and activating mutations of P/IK3CA, the catalytic subunit of class 1 PI3 Kinase,
occur in 40% of these tumors (6-8). The PI3K pathway enhances the proliferation,
motility, and invasiveness of these tumor cells and activation of the mTOR complex 1
(mTORCI1) maintains high levels of elF4E-dependent protein translation (9, 10).
Combination PI3K/ER inhibition is a clinically effective strategy but its effects are lessened
by enhanced ER expression and signaling following PI3K inhibition (11, 12). Inhibition
of mMTORCI decreases total protein translation by as much as 70% (13). However, for a
number of short lived-proteins, expression can be maintained using noncanonical mech-
anisms of protein translation (10, 14-16). Prior studies have estimated that ER is a
short-lived protein with a half-life of approximately 3 to 6 h (17). We therefore asked how
ER expression is maintained when PI3K/mTOR is inhibited. We found that ER expression
is maintained during mTOR inhibition by an elF4E/cap-independent translation mech-
anism that depends on the 5" untranslated region (5" UTR) of the mRNA encoding ER
(ESRI). EIF4E-independent ER translation is instead dependent on the RNA helicase
elF4A, a different component of the eIF4F complex. Pharmacological inhibition of elF4A
reduces the expression of ER as well as a number of short half-life proteins controlling
cell cycle entry including cyclin D1, cyclin D3, and CDK4. EIF4A inhibitors effectively
reduce ER expression and block the growth of ER-dependent tumor models driven by
wild type ER, hormone-insensitive ER mutants, and ER fusion proteins. Moreover, inhi-
bition of ER translation via eIF4A blockade combined with induction of ER degradation
by the ER degrader fulvestrant powerfully suppresses ER expression and inhibits the
growth of breast tumor xenograft models. This strategy has been investigated in an early
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phase clinical trial (NCT04092673) that combines the elF4A
inhibitor, zotatifin with fulvestrant, with or without the CDK4
inhibitor, abemaciclib. Early data suggest that this combination
is well tolerated (18)and multiple tumor regressions have been
observed in heavily pretreated endocrine therapy resistant
patients (18).

Results

ER Expression Is elF4A Dependent. Canonical eukaryotic
translation is initiated by eukaryotic initiation factor 4E (eIF4E),
which upon binding the m7G mRNA cap, nucleates the initiation
complex elF4F (19, 20), composed of eIF4E, elF4G, and elF4A.
Transcripts whose translation are eIF4E and eIF4G dependent are
often referred to as “cap-dependent,” whereas e[F4A can participate
in both “cap-dependent” and “cap-independent” translation (21).
mTORCI controls translation initiation by phosphorylating and
preventing the binding of the inhibitor 4EBP1 to eIF4E (13,
22). Ribosome scanning and prescanning remodeling within the
5" UTR are facilitated by the DEAD-box RNA helicase elF4A,
which unwinds structured RNAs (23, 24) (Fig. 14). Inhibitors
of mMTORCI cause dephosphorylation of 4EBP1, promoting its
binding to eIF4E and reducing global protein synthesis. Some
transcripts, often termed “cap-independent,” remain insensitive
and continue to be translated when mTORCI is inactive (13,
25, 26). Since ER expression increases following PI3K/mTOR
inhibition (11, 12) we hypothesized that ER translation is cap/
elF4E-independent. To test this, we treated ER+ breast cancer cell
line MCF7 with the potent mTORC1/2 inhibitor, RapaLink-1
(27) (Fig. 1B). MTOR substrates, AKT, S6, and 4EBP1, were
dephosphorylated by 4 h post treatment, and this inhibition
was accompanied by a reduction in global protein synthesis of
up to 75% as measured by puromycin incorporation (Fig. 18
and S/ Appendix, Fig. S1A4). 4EBP1 dephosphorylation was
associated with enhanced interaction of 4EBP1 with elF4E while
reducing the interaction between eIlF4E and elF4G (Fig. 1B).
Dephosphorylation of 4EBP1 was also associated with a reduction
in cyclin D1, translation of which is known to be mTOR/elF4E
dependent (28, 29) (Fig. 1B). In contrast to cyclin D1, ER levels
were unchanged when global and cap-dependent translation were
reduced by the drug (Fig. 1B). Similar results were obtained in
other luminal breast cancer cell lines, T47D and ZR-75-1 treated
with RapaLink-1. (§/ Appendix, Fig. S1B). In contrast to mTOR
inhibition, blocking all mechanisms of protein translation with
cycloheximide resulted in a time-dependent decrease of ER
expression, which had a half-life between 4 and 8 h (S Appendix,
Fig. S1C). mTOR regulates translation via substrates LARP1,
S6K, and 4EBP1, but only 4EBP1 directly engages eIF4E (13, 30).
Using L-azidohomoalanine (AHA labeling to measure translation
directly (31), we confirmed ER translation was eIF4E independent
by expressing doxycycline-inducible, constitutively active 4EBP1
(“4A” mutant: T37A/T46A/S65A/T70A) (32). Increasing
mutant expression dose-dependently suppressed cap-dependent
translation and cyclin D1 synthesis but did not affect ER or
MYG, the latter of which is known to be translated independently
of elF4E (33, 34) (Fig. 1C and SI Appendix, Fig. S1D). Cap-
independent translation is often mediated by internal ribosome
entry sites (IRES) within mRNA 5" UTRs (15, 16, 33, 35). Using
a bicistronic luciferase reporter assay (36), we demonstrated the
ESRI 5 UTR significantly drives cap-in-dependent translation,
~120-fold higher than empty vector and 5 fold higher than the
poliovirus IRES positive control, but lower than that of a powerful
IRES from the Myc 5> UTR (Fig. 1D). We confirmed that the
cap-independent activity of the ESR/ 5> UTR was not an artifact
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of cryptic promoter activity or transcriptional read-through by
using luciferase assay constructs containing the ESR/ 5 UTR with
a hairpin and lacking a promoter (SI Appendix, Fig. S1E). These
results reveal that while ER is a short-lived protein, its translation
can be sustained in an eIF4E independent manner during mTOR
inhibition, and this elF4E-independent activity is mediated
through elements in the 5> UTR. IRES elements in the mRNA
5" UTR often have complex secondary structures that bind to a
subset of eukaryotic initiation factors that recruit the ribosome.
Such structures are remodeled or unwound by RNA helicases
during initiation (37, 38). We hypothesized that eIF4A, the major
RNA helicase employed in translation initiation, might control ER
protein synthesis. We treated MCF7 with 20 nM of the selective
(39) elF4A inhibitor silvestrol and observed a time-dependent
decrease in ER expression, beginning at 4 h and continuing up to
48 h (Fig. 1E). Similar reductions in ER protein expression were
observed in four other cell lines treated with silvestrol (SI Appendix,
Fig. S1F). In addition to being eIF4E dependently translated,
cyclin D1 translation has also been shown to be elF4A dependent
(40, 41). Both silvestrol and its synthetic rocaglate analog CR-
31-B (42) inhibited ER and cyclin D1 expression at concentrations
from 20 to 30 nM at 24 h. (S] Appendix, Fig. S1G). We observed a
time-dependent potency effect on ER expression when cells were
treated with silvestrol (S Appendix, Fig. S1H). ER expression was
inhibited approximately as well with 5 nM silvestrol at 72 h. as 20
nM at 24 h (87 Appendix, Fig. S1H). Two other mechanistically
distinct inhibitors of eIF4A, pateamine A and hippuristanol (43,
44), also inhibited both ER and cyclin D1 expression by 24 h
(SI Appendix, Fig. S11). Again using AHA labeling, we found
that the translation of cyclin D1 but not of ER was suppressed
by mTOR inhibition, whereas the translation of both cyclin
D1 and ER were reduced in the presence of either silvestrol or
cycloheximide (Fig. 17). Genetic knockdown confirmed that
only elF4A1 depletion significantly reduced ER protein, while
consistent with its cap-dependent translation, knockdown of any
elF4F component reduced cyclin D1 (SI Appendix, Fig. S1)).
ESRI mRNA levels were largely stable during the first 24 h post
silvestrol treatment, decreasing at most by 25% during the first 16
h, implying a posttranscriptional mechanism of ER regulation by
elF4A (SI Appendix, Fig. S1K) Finally, we tested whether elF4A
inhibition reduces the cap-independent translation driven by
the ESRI 5 UTR. As a function of dose, silvestrol effectively
blocked the cap-independent translation mediated by the 5> UTR
of ESRI (Fig. 1G). By inhibiting cap-dependent translation, while
leaving the ESR1 5’UTR-driven cassette unaffected, the mTOR
inhibitor MLNO0128 increased the firefly/renilla ratio as a function
of dose (Fig. 1G). Taken together, these results establish that ER is
translated in an elF4A-dependent but eIF4E-independent manner
and is therefore cap-independent, while cyclin D1 translation
depends on eIF4E, elF4G, elF4A and is therefore cap-dependent.

elF4A Regulates ER Activity and Cell Growth. In MCF?7 cells treated
with 20 nM silvestrol for 24 h, expression of ER-regulated genes
(PGR, GREBI, TFF1, IGFBP4, and SERPINAI) was decreased,
and that of an ER-repressed gene 7P53/NI was increased
(Fig. 2A4) (45). Silvestrol also blocked estradiol-stimulated gene
expression in MCF7 and T47D cells (Fig. 2B and SI Appendix,
Fig. S24). We performed chromatin immunoprecipitation of
ER bound to an estrogen response element (ERE) in target gene
TFF1/pS2. Silvestrol pretreatment reduced ER occupancy of this
response element by approximately 2.5-fold and prevented the
estradiol-induced ER occupancy at this site by a similar magnitude
(Fig. 2C). Thus, eIF4A inhibition reduced the levels of ER at its
enhancer elements, and thus its ability to transactivate target gene
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Fig. 1. Estrogen receptor alpha (ER) expression is elF4A dependent. (A). Schematic of eukaryotic translation initiation. The elF4F complex is depicted in green. (B). MCF7
cells were treated with 10 nM RapalLink-1 for the indicated times. To measure global translation, 1 uM puromycin was pulsed for the last 30 min, and incorporation
was assessed using an antipuromycin antibody. For m7G cap pulldowns, 200 pg of cell lysate was incubated with m7G conjugated sepharose to precipitate the elF4F
complex. (C). MCF7 cells expressing doxycycline inducible 4EBP1-4A (T37A,T46A,S65A,T70A) were plated in doxycycline containing media for 24 h. followed by methionine
starvation for 30 min. Cells were then pulsed with L-Azidohomoalanine (AHA) for 2 h. (D). MCF7 cells were plated in 6 cm dishes and transfected with the depicted
bicistronic luciferase construct containing the indicated 5" UTR. Luciferase activity was measured after 24 h. n = 3 per group. P-values determined by ordinary one-way
ANOVA. P <0.01 indicated by **. (E). MCF7 cells were treated with 20 nM silvestrol for the indicated times. (F). MCF7 cells were starved of methionine for 30 min in the
presence of MLNO128, silvestrol, or cycloheximide (50 pg/ml). Cells were then labeled with L-Azidohomoalanine (AHA) for 2 h. (G). MCF7 cells were transfected as in D,
followed by treatment with increasing doses of silvestrol or MLNO128 for an additional 24 h. Luciferase activity was measured after 24 h. n = 3 per group.
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24 h. PGR mRNA expression was analyzed by RT-qPCR. N = 3 per group. P-values were determined by ordinary one-way ANOVA. P < 0.001 is depicted as ***. (C)
MCF7 cells were plated as in (B) followed by treatment with 20 nM silvestrol for 24 h. Cells were then stimulated with 10 nM estradiol for 1 h. ER binding to the
TFF1 enhancer element was analyzed by Chromatin Immunoprecipitation Assay (ChIP) and quantified by RT-qPCR. N = 3 per group. P-values were determined by
ordinary one-way ANOVA within CHIP antibody groups. P <0.001 is depicted as ***. (D) MCF7 cells were treated for up to 7 d with increasing doses of silvestrol.
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for 24 h. Protein expression was analyzed by LC-MS.Significant hits were those proteins changing by at least log2 fold change>1and an adj. P-value of <0.05

expression. These data suggest that reducing ER expression by
blocking eIF4A results in a decreased breast cancer response to
estrogen in vitro. Silvestrol inhibited proliferation of ER-dependent
MCEF?7 (Fig. 2D) and T47D (Fig. 2E) cells in a dose-dependent
manner, with 5 nM reducing growth by 50% at 3 d and 20 nM
halting growth completely over 7 d (Fig. 2 D and E). Therefore,

https://doi.org/10.1073/pnas.2424286122

elF4A inhibition alone suppresses ER expression, downstream
transcription, and proliferation of ER+ breast cancer cells.
Many transcripts have been described as sensitive to elF4A
inhibition, and elF4A inhibitors can block the growth of various
cancer models (39, 41, 46, 47). To identify global protein changes
following el F4A inhibition in our system, MCF7 cells were treated

pnas.org



Downloaded from https://www.pnas.org by COLD SPRING HARBOR LABORATORY on July 24, 2025 from |P address 143.48.6.49.

with silvestrol (20 nM, 24 h) and analyzed by tandem mass tag
(TMT) LC-MS proteomics (Fig. 2F). This facilitated the identi-
fication of proteins that are sensitive to e[F4A inhibition and that
are short-lived enough to observe reduced expression after 24 h
of treatment. We identified 122 proteins that were significantly
reduced (>2-fold), with several of relevance to ER+ breast cancer
growth (Fig. 2F and Dataset S1). These included ER (ESR1)
(>2-fold), ER cofactor GATA3 (~4-fold) (47), cell cycle regulators
CDK4, E2F1, cyclin D3 (CCND3) (near twofold), and known
elF4A target cyclin D1 (CCND1) (40, 41). Immunoblot valida-
tion confirmed rapid decreases in ER, GATA3, cyclins D1 and
D3, and CDK4, correlating with decreased Rb phosphorylation
starting at 8 h (Fig. 2G). These findings establish that eIF4A inhi-
bition suppresses ER-dependent gene expression and proliferation
in ER+ breast cancers likely by regulating ER and G1 cyclins.

elF4A Inhibition Combined with Fulvestrant Suppresses the
Growth of ER+ Breast Cancer Models. In addition to being
elF4E and elF4A dependently translated, cyclin D1 is also a well-
established ER target gene (48). We hypothesized that combining
an inhibitor of eIF4A with a Selective Estrogen Receptor Degrader
(SERD) would further enhance the inhibition of ER and cyclin
D1. MCF7 cells treated with the SERD, fulvestrant, showed
a rapid reduction in ER protein levels, reaching a nadir at 4
h with partial recovery by 24 h (Fig. 3A). Silvestrol (20 nM)
suppressed ER expression more slowly, beginning at 8 h and
persisting through 24 h (Fig. 34). The combination of both
compounds suppressed ER expression fourfold more effectively
than either compound alone (Fig. 34 and S/ Appendix, Fig. S3A).
Similar effects occurred in T47D cells, particularly at lower drug
concentrations, with enhanced suppression of ER and cyclin D1
by combination treatment (87 Appendix, Fig. S3B). Using T47D
cells expressing an ERE-driven luciferase reporter (49), low-dose
silvestrol (5 nM), or fulvestrant (3 nM) individually blocked
estradiol-stimulated activity, while their combination further
reduced basal ER-driven expression by half (Fig. 3B). Higher doses
(20 nM silvestrol, 30 nM fulvestrant) significantly lowered basal
ER activity fivefold compared to untreated controls (Fig. 3B).
Combination treatment was notably more effective at reducing
estradiol-induced expression of target genes PGR and TFF1/pS2
than either agent alone (S/ Appendix, Fig. S3C). Combination
treatment blocked cell growth in MCF7 and T47D approximately
twice as effectively as either compound alone (Fig. 3C and
SI Appendix, Fig. S3D). Consistent with their effects on cell cycle
initiation, the combination also dramatically reduced the fraction
of cells in S-phase (81 Appendix, Fig. S3E).

To test the effects of these inhibitors in vivo, we treated MCF7
xenografts with the bioavailable eIF4A inhibitor, CR-31-B (50),
fulvestrant or the combination. We also used female mice
implanted with either low (0.18 mg) or high (0.72 mg) estrogen
pellets (Fig. 3 D-G). Under low estrogen conditions, fulvestrant
alone effectively suppressed growth, while combination treatment
induced mild regression (Fig. 3 D and E). Under high estrogen
conditions, combination therapy led to significant, durable tumor
regression lasting 45 d, superior suppression of ER and ER target
proteins (progesterone receptor, GREB1), and markedly reduced
Rb phosphorylation (Fig. 3 F and G). All treatments were
well-tolerated, without observed weight loss (S Appendix,
Fig. S3F). Similar results were obtained when silvestrol was com-
bined with other antiestrogens, including tamoxifen and elaces-
trant, as well as under estrogen-deprivation simulating conditions
(SI Appendix, Fig. S3 G-L). Collectively, these data demonstrate
combining eIF4A inhibitors with SERDs effectively reduces ER
expression and tumor growth, while combination with SERMs

PNAS 2025 Vol.122 No.30 2424286122

also confers antiproliferative benefits, providing strong rationale
for clinical development.

elF4A Inhibition Blocks the Expression of Clinically Significant
ER Variants. Resistance to antiestrogen therapies is often due
to activating mutations in ER (51-53). Using MCEF7 cells
endogenously expressing the most common activating mutation,
ER-D538G, we observed dose-dependent suppression of mutant
ER and cyclin D1 by CR-31-B, saturating at 30 nM (Fig. 44).
Silvestrol similarly suppressed both wildtype and ER-D538G
expression (SI Appendix, Fig. S4A). ER-D538G stability was
similar to wildtype ER, with expression significantly reduced after
4 to 8 h of silvestrol treatment (S/ Appendix, Fig. S4B). Consistent
with previous data, ER-D538G cells exhibited reduced fulvestrant
sensitivity (IC50 5.4 nM vs. 0.41 nM for wildtype) (S Appendix,
Fig. S4C). In contrast, both wild type and ER D538G mutant
expressing cells were equally sensitive to CR-31-B (IC50 ~4 nM
for both cell lines) (Fig. 4C).

To enhance suppression of cells expressing mutant ER, we
tested CR-31-B combined with camizestrant, a newer SERD
effective against ER mutants (54). Camizestrant (10 nM) or
CR-31-B (3 nM) alone inhibited ER-D538G cell growth by
~70% at 7 d, while combination treatment further reduced growth
by up to0 95% (Fig. 4C). Camizestrant alone modestly suppressed
ER and cyclin D1 expression. Suppression of both ER, but espe-
cially, cyclin D1 was enhanced when adding CR-31-B (3 nM)
(Fig. 4D). CR-31-B (30 nM) fully suppressed cell growth and
target protein expression, which in this case was not enhanced by
camizestrant (Fig. 4D).

ER fusion proteins have recently been identified in breast can-
cer, and these have been shown to mediate acquired resistance to
hormone receptor antagonists (55, 56). These variants are com-
posed of the N-terminal portion of wildtype ER fused to a variety
of C-terminal partners. The resulting constitutively active fusion
protein lacks the hormone binding domain and cannot be inhib-
ited by ER antagonists such as fulvestrant or tamoxifen. We gen-
erated T47D cells harboring an endogenously expressed
ESR1-SOX9 fusion identified in clinical tumors (55, 56).
(Fig. 4E). Cells expressing the ER-SOX9 fusion were enriched
after selection in estrogen free media, thus confirming their estro-
gen independent growth (87 Appendix, Fig. S4D). In addition, the
ER-SOX9 fusion could only be detected with an antibody against
the N terminus but not the C-terminus of ER (87 Appendix,
Fig. S4D). Fusion-expressing cells were markedly resistant to ful-
vestrant (GI50 ~10 uM vs. 10 nM for wildtype ER) (Fig. 4F).
Treatment with CR-31-B (30 nM) reduced expression of the
ER-SOXO9 fusion and cyclin D1 levels below detection by 24 h
(Fig. 4G). Wild type and fusion expressing cells were equally sen-
sitive to CR-31-B, with GI50 values of approximately 4 nM
(Fig. 4H). The half-life of the ER-SOX9 fusion was similar to
that of wildtype ER, with significant suppression starting at 4 h
post-silvestrol treatment and continuing thereafter (S/ Appendix,
Fig. S4E). Thus, ER variants associated with resistant to ER inhib-
itors remain sensitive to el[F4A inhibition.

Zotatifin + Fulvestrant Combination Lowers ER Expression and
Suppresses Tumor Growth in Patients. The demonstration that
expression of cell cycle regulators, and wild type, mutant, and ER
fusion proteins are all sensitive to e[F4A inhibition suggests that
it may be an effective clinical strategy, particularly in combination
with standard endocrine therapies like fulvestrant that have
relatively mild toxicity. Based on these results, early phase testing of
the elF4A inhibitor zotatifin (eFT226) included patients with ER+
metastatic breast cancer (MBC) (NCT04092673) (18). Similar to
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Fig. 3. elF4A inhibition combined with fulvestrant suppresses the growth of ER+ breast cancer models. (A) MCF7 cells were treated for indicated times with
Silvestrol (20 nM), Fulvestrant (30 nM), or the combination. (B) T47D-kBlue cells were plated in DMEM F12 containing charcoal stripped FBS and lacking phenol
red, followed by treatment with the indicated doses of silvestrol or fulvestrant. Cells were then stimulated with 10 nM estradiol for an additional 24 h followed
by luminescence quantification. The signal was normalized to protein mass. N = 2 replicates for each group. P-values were determined by ordinary one-way
ANOVA. P <0.001 is depicted as ***. P <0.0001 is depicted as ****. (C) MCF7 cells were treated with either 5 nM silvestrol, 3 nM fulvestrant, or the combination
forup to 7 d. N = 3 per group P-values were determined by ordinary one-way ANOVA at day seven. P < 0.0001 depicted as ****. (D) Nude mice were implanted
with estrogen pellets (0.18 mg) for 3 d, followed by MCF7 xenograft implantation. Once tumors reached 100 mm?* mice were treated twice weekly with 200 mg/
kg Fulvestrant, 1 mg/kg CR-31-B, or the combination. N = 5 mice per group P-values were determined at the final time point by ordinary one-way ANOVA. P <
0.05 depicted as *. (E) Immunoblots from xenografts in Fig. 3D collected 24 h following the final dose of the indicated compounds. (F) Mice treated as in Fig. 3D
but using 0.72 mg estrogen pellets. N =5 per group, P-values were determined at the final time point by ordinary one-way ANOVA. P < 0.0001 depicted as ****,
(G) Immunoblots from xenografts in figure 3F collected 24 h following the final dose of the indicated compounds.
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Fig. 4. elF4Ainhibition blocks expression of clinically significant ER variants. (A) MCF7 cells expressing either wild-type ER or ER-D538G were treated 24 h. with increasing
doses of CR-31-B. (B) MCF7 cells expressing either wild-type ER or ER-D538G were treated 72 h. with increasing doses of CR-31-B. n = 3 per group. (C) MCF7 ER D538G
cells were treated for up to 7 d with the indicated doses of Camizestrant, CR-31-B, or the combination. N = 3 per group P-values were determined by ordinary one-
way ANOVA at day seven. P < 0.001 depicted as ***. P <0.0001 depicted as ****. (D) MCF7 ER D538G were treated for 24 h. with the indicated doses of Camizestrant,
CR-31-B or the combination. (£) Schematic showing the ESR1-SOX9 fusion protein. Exons and residues contributed by each protein are indicated. (F) T47D Cas9 and
T47D Cas9 ESR1-SOX9 were treated for 72 h. with increasing doses of Fulvestrant. N = 3 per group. (G) T47D Cas9 or T47D Cas9 ESR1-SOX9 were treated for 24 h. with
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other rocaglate eIF4A inhibitors such as silvestrol and CR-31-B, in class inhibitor of eIF4A and was designed by enhancing the
zotatifin forms an inhibitory tricomplex of the drug, elF4A, and ~ physicochemical and pharmacokinetic properties of rocaglamide

the 5 UTR of select mRNA (57) (Fig. 5A4). Zotatifin is a first A (57) (Fig. 5A4). Zotatifin was 10-fold less potent than silvestrol
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Fig. 5. Zotatifin + fulvestrant lowers ER expression and suppresses tumor growth in patients. (A) Chemical structures of various rocaglate inhibitors of elF4A
including clinical compound zotatifin. (B) Treatment timeline for patient 1. T.H.P = docetaxel, trastuzumab, and pertuzumab, TDM1 = Kadcyla (ado-trastuzumab
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Trastuzumab Deruxtecan. (F) Somatic cell-free DNA pre- and on-treatment with zotatifin + fulvestrant. (F) FDG PET CT showing pre- and on-treatment with
zotatifin + fulvestrant. (G) IHC staining for Estrogen Receptor alpha pre- and on-treatment with Zotatifin + Fulvestrant.

and CR-31-B, requiring 100 nM to block ER and cyclin D1
expression and to fully inhibit cell growth (87 Appendix, Figs. S5
Aand B). The ER+ metastatic breast cancer dose expansion cohort
included two treatment arms: zotatifin + fulvestrant (ZF) and
zotatifin + fulvestrant + abemaciclib (ZFA). Clinical responses
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were observed in heavily pretreated MBC patients in both the
ZF and ZFA cohorts. On the ZF arm, 1/17 (5.9%) patients had
a partial response. On the ZFA arm, 5/19 (26%) patients had
partial responses (4 confirmed and 1 unconfirmed) and a median
progression free-survival of 7.6 mo (18). All patients on the trial
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have had previous exposure to and developed resistance to both
fulvestrant and/or CDK4/6 inhibitors, suggesting that zotatifin
both adds to combined endocrine + CDK4/6 inhibitor therapy
and may potentially resensitize tumors with acquired resistance.
Both ZF and ZFA regimens were well tolerated, with no dose-
limiting toxicities or grade 5 adverse events (18).

Results thus far are consistent with our preclinical findings on
the effects of combining inhibitors of elF4A and ER. One patient
treated on the ZF doublet arm (initially with ER+PR+HER2+
disease, subsequently with loss of HER2 positivity, likely with
some degree of intratumoral HER2 heterogeneity) enrolled on
the trial as 6th line therapy for progressive metastatic disease and
experienced disease stability for over 19 mo, and continued on
treatment at time of data cut (Fig. 5B). Analysis of pretreatment
biopsies demonstrated ER expression by immunohistochemistry
of 40%, while on-treatment biopsies showed near complete sup-
pression of ER, with expression decreased to <10%. (Fig. 5C). A
second patient in the ZF doublet arm enrolled on trial as 4th line
therapy for progressive metastatic disease after receiving endocrine
antiestrogen therapy + CDK4/6 inhibition, a PARP inhibitor, and
the ADC trastuzumab deruxtecan in the metastatic setting
(Fig. 5D). This patient had a brisk RECIST-confirmed partial
response (-55%) at 8 wk, with regression of chest wall and liver
lesions, as well as a 100% decline in somatic ctDNA 6 wk into
treatment (Fig. 5 £ and F). CtDNA analysis revealed a ESR1
E380Q (58) mutation and a somatic activating ERBB2 R678Q
mutation, thereby providing proof of principle that these endo-
crine therapy-resistant subclones were sensitive to combination
zotatifin therapy (Fig. 5E). While ER suppression at the protein
level was not as complete as that seen in the first patient, pretreat-
ment and on-treatment biopsies showed a significant change from
>90% ER expression down to 60% (Fig. 5G). Overall, these data
showing clinical responses coupled with this drug’s well-tolerated
side effect profile demonstrates that combination zotatifin therapy
may represent a clinically viable strategy for treating metastatic
ER+ breast cancer.

Discussion

In this work, we demonstrate that ER translation depends on elF4A,
and targeting e[F4A effectively inhibits ER expression and suppresses
tumor growth in ER+ breast cancer. These findings indicate thera-
peutic potential, particularly in combination with well-tolerated
endocrine therapies like fulvestrant and abemaciclib. This concept
has been and will continue to be tested in clinical trials. Canonical
eukaryotic translation is initiated by the m7G cap binding protein,
elF4E and is regulated by nutrient and growth factor-sensitive
mTORCI activity. During cellular stress certain mRNAs utilize cap-
independent translation to sustain essential protein synthesis (15,
16,33, 37, 59). Genes like Myc, Bcl-2, HIF1-alpha, c-jun, and Hox
clusters utilize such mechanisms. ESRI is identified here as another
example. Frequently, the elements mediating cap-independent trans-
lation are present in the transcript 5" untranslated region (5 UTR).
Such elements are broadly termed, internal ribosome entry sites
(IRESes) and often serve as binding sites for selectively employed
initiation factors or to allow the ribosome to link directly with the
mRNA transcript. IRESes often have complex 3D structures which
require unwinding and remodeling during initiation, and eIF4A is
one such protein employed for this purpose. G-quadraplex elements
are one 3D structure that have been implicated in both cap-
independent translation and in conferring elF4A dependence to
select mRNAs (41, 60). These elements are stable 3D arrangements
of guanosines conjugating a monovalent cation (61). Indeed, the 5’
UTR of ESRI transcript variant 1 (NM_000125.4) is predicted to
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contain an abundance of overlapping and nonoverlapping
G-quadraplex elements (62). Silvestrol, CR-31-B, and zotatifin have
all been shown to block elF4A-dependent unwinding of these struc-
tures (41, 63). Here, we demonstrate potential clinical applications
of elF4A-dependent ER regulation. Based on these findings, a clin-
ical trial in ER+ breast cancer was initiated. Most patients had pre-
viously received antiestrogens and CDK4 inhibitors and became
resistant. We showed clinical data from two patients in whom com-
bination zotatifin and endocrine therapy was clinically active. These
patients both show clear reduction in ER at the protein level. Activity
of this combination may arise from the inhibition of several key
proteins by nonoverlapping mechanisms. For instance, eIF4A and
fulvestrant both inhibit ER and cyclin D1 by different mechanisms.
Fulvestrant antagonizes and degrades ER while reducing mRNA
expression of ER target genes such as cyclin D1. EIF4A inhibitors
block translation of ER and G1 cyclins such as cyclin D1 and D3.
‘This hypothesis is corroborated by the further efficacy enhancement
of zotatifin + fulvestrant by adding the CDK4 inhibitor abemaciclib,
which blocks cyclin D1-CDK4 complexes in yet a third way. It is
also remarkable that the combination including a CDK4 inhibitor
and an inhibitor of translation has only modest toxicity. This may
depend on the important role of inhibiting the “driver” (ER) with a
drug with low toxicity (fulvestrant) when combining with predict-
ability more toxic agents such as eIF4A inhibitors. This strategy
therefore may be applicable to the treatment of other tumors in
which the oncoprotein drives D-cyclin expression, but for which
allele-specific inhibitors exist, such as KRAS G12C or BRAF V600E.
Taken together, these mechanistically informed clinical results
demonstrate the utility of elF4A inhibition in advanced breast cancer
and predict rational potential for treating other solid tumors.
Although the zotatifin triplet received an FDA fast track designation
for treating metastatic breast cancer, during final preparations of this
manuscript, the presiding company, e(FFECTOR therapeutics which
owned zotatifin lost sufficient liquidity to continue clinical develop-
ment. This was exclusively due to internal managerial and strategic
issues related to overall costs of pursuing several compounds simul-
taneously and was not related to any scientific, clinical efficacy, or
safety concerns regarding zotatifin, or our collaborative findings.
Other elements have expressed a high degree of interest in acquiring
zotatifin and resuming its development as soon as possible.

Materials and Methods

Cell Culture and Treatments. All cell lines were purchased from American
Type Culture Collection (ATCC). MCF7 (HTB-22), T47D (HTB-133), ZR-75-1 (CRL-
1500), BT474 (HTB-20), SKOV3 (HTB-77), T47D-Kbluc (CRL-2865). All cell lines
were maintained in DMEM/F12 supplemented with 10% Fetal Bovine Serum
(FBS) and 1% penicillin and streptomycin. Stably generated cell lines including
those expressing tTA3 and tetracycline inducible constructs were maintained
in DMEM/F12, 10% Tetracycline-free Fetal Bovine Serum (Tet-free FBS), and 1%
penicillin and streptomycin. Al cells were maintained in a humidified incuba-
tor with 5% CO, at 37 °C. Silvestrol and CR-1-31-B (CR-31-B) were obtained
from the Wendel lab and organic synthesis core at MSK. Zotatifin was provided
by eFFECTOR therapeutics. Fulvestrant (HY-13636), tamoxifen (HY-13757A),
elacestrant (HY-19822), and camizestrant (HY-136255) were purchased from
Medchemexpress. Charcoal stripped FBS and DMEM/F-12 lacking phenol red
were purchased from Gibco. RapaLink-1 was obtained from ongoing collabora-
tions with the Shokat lab at UCSF. All compounds were dissolved in DMSO, and
DMSO was used in all cases as a vehicle control.

Immunoblotting. Cells were collected in ice-cold PBS and lysed with 1X RIPA
buffer supplemented with protease and phosphatase inhibitors. Lysates were
briefly sonicated before centrifugation at 20,000xg for 5 min at 4 °C. The
supernatant was collected, and protein concentration was quantified using BCA.
Equal amounts of protein (20 pg) in cell lysates were separated by SDS-PAGE,
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transferred to nitrocellulose membranes (GE healthcare), probed with specific
primary and secondary antibodies, and detected by chemiluminescence with
the ECL detection reagents from Thermo Fisher or Millipore.

Quantification of Cell Growth and Viability. Cells were seeded into 96-well
plates at a density of 2,000 to 5,000 cells per well. Cell growth was quantified
using the CellTiter-Glo assay from Promega. For each condition, at least 3 repli-
cates were measured.

Study of eFT226 (Zotatifin) in Subjects with Selected Advanced Solid
Tumor Malignancies. This was a US, open-label, phase 1to 2 Dose-Escalation
and Cohort-Expansion Study of Intravenous Zotatifin (eFT226) in Subjects With
Selected Advanced Solid Tumor Malignancies (NCT04092673). The study was
conducted in accordance with the Declaration of Helsinki and was reviewed
and approved by the Memorial Sloan Kettering institutional review board
(MSK-IRB #21-323). Written informed consent was obtained from all patients
before study entry. Patients eligible for study participation were =18y old, had
histological or cytological confirmation of breast cancer, metastatic disease, or
locoregionally recurrent disease which is refractory or intolerant to existing
therapy(ies) known to provide clinical benefit, and prior treatment had included
a CDK4/6 inhibitor. For purposes of this paper, cutoff for clinical data collection
was June 30, 2024.

statistical Analysis. The details of statistical analysis of experiments can be
found in the figure legends. All data were plotted as mean = SD with the excep-
tion of Fig. 3 D and F which were plotted as mean + SEM. Statistical analysis
of differences between two groups was performed using two-tailed Student's ¢
test, and P < 0.05 was defined as significant. One-way ANOVA was performed
to compare the means of more than two groups. All analyses were conducted
using GraphPad Prism 8.0.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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