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Ribosome changes reprogram translation
for chemosurvival in GO leukemic cells
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Quiescent leukemic cells survive chemotherapy, with translation changes. Our data reveal that FXR1, a protein
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amplified in several aggressive cancers, is elevated in quiescent and chemo-treated leukemic cells and promotes
chemosurvival. This suggests undiscovered roles for this RNA- and ribosome-associated protein in chemosurvival.
We find that FXR1 depletion reduces translation, with altered rRNAs, snoRNAs, and ribosomal proteins (RPs). FXR1
regulates factors that promote transcription and processing of ribosomal genes and snoRNAs. Ribosome changes
in FXR1-overexpressing cells, including RPLPO/uL10 levels, activate elF2a kinases. Accordingly, phospho-elF2a
increases, enabling selective translation of survival and immune regulators in FXR1-overexpressing cells. Overrid-
ing these genes or phospho-elF2a with inhibitors reduces chemosurvival. Thus, elevated FXR1in quiescent or
chemo-treated leukemic cells alters ribosomes that trigger stress signals to redirect translation for chemosurvival.

INTRODUCTION

Cancer cells can enter a reversible arrest phase called quiescence or
GO that is resistant to harsh conditions including chemotherapy
(1, 2). We previously found that leukemic cells induced to GO by
growth factor deprivation not only are chemoresistant but also ex-
hibit similar posttranscriptional changes, as that of leukemic cells
surviving chemotherapy (1). This indicated translation of specific
genes in these chemoresistant cells, which are needed for their che-
mosurvival. Understanding the altered translation program and how
chemosurviving GO cells translate specific genes can reveal undis-
covered insights on chemoresistance and new strategies to reduce
chemosurvival.

Canonical translation initiation is mediated by two rate-limiting
steps: cap-dependent recruitment of mRNAs and recruitment of
the initiator transfer RNA (tRNA)/ternary complex for translation
initiation (3, 4). This conventional translation promotes proliferation-
associated genes (5). One of the two rate-limiting steps of canonical
translation initiation is inhibited by dephosphorylation of the canonical
cap complex inhibitor, EIF4EBP (4EBP), due to low mammalian Target
of Rapamycin (mTOR) activity (3, 5). The second rate-limiting step
of canonical translation initiation is inhibited by phosphorylation of
the tRNA recruitment complex factor, eIF2a. This is brought about
by four elF2a kinases (eIF2aks) that are triggered by various stress
responses and cause the integrated stress response (ISR) (4, 6). We found
that eIF20 phosphorylation is enhanced in GO and chemotherapy-
treated cells (1), which can inhibit canonical translation at the tRNA
recruitment step and enable specific genes to get translated. How GO
and chemotherapy-treated cells induce eIF20 phosphorylation, to
suppress canonical translation and express specific genes that lead to
chemosurvival and AML persistence, remains to be uncovered.
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Our previous data revealed that the RNA binding protein, fragile
X mental retardation-related protein 1 (FXR1) (7, 8), is elevated in
serum-starved GO acute monocytic leukemic (AML) THPI cells. FXR1
has been shown to be important for tumor progression as it is am-
plified in several aggressive cancers, where posttranscriptional ex-
pression of specific mRNAs is altered (9). FXR1 is associated with
ribosomes, translation, mRNA stability, and export and localizes in
the nucleus, cytoplasm, and stress granules (7, 8). In serum-starved
GO cells, we found that FXR1a splice isoform is enhanced and can
promote specific mRNA translation (10, 11). Given that FXR1 in-
creases and promotes specific mRNA translation in GO AML cells
(10, 11) that are chemoresistant (1), the role of FXR1 on chemosurvival
via translation mechanisms needs to be uncovered to understand the
impact of translation regulation in refractory cancers.

In this study, we investigated the changes in translation, and the
role of FEXR1, in G0 and chemosurviving AML cells. Our findings demon-
strate that as in serum-starved GO cells that are chemoresistant, FXR1
increases in therapy-surviving AML cells. Consistently, we find that
FXR1 depletion reduces chemosurvival, while FXR1 overexpression
promotes chemosurvival. Our data reveal that FXR1 associates with
ribosome regulators and alters ribosome components. These ribosomal
changes trigger stress signaling via e[F2o kinase activation that causes
elF2a phosphorylation. This reduces canonical translation and per-
mits translation of specific prosurvival and immune genes, leading
to chemotherapy and immune survival. Pharmacological inhibition
of this specific translation, or of translated prosurvival genes, sup-
presses chemosurvival, indicating new avenues to therapeutically
target refractory AML.

RESULTS

FXR1 is elevated in cytarabine-treated,

chemosurviving AML cells

We previously found that both serum-starved GO THP1 AML cells
where FXR1 increases (10) and chemosurviving AML cells show sim-
ilar translation factor changes compared to untreated, proliferat-
ing AML [Fig. 1, A and B, mass spectrometry data (I)]—which may
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Fig. 1. FXR1 is required for translation. (A and B) Graphs showing proteomic levels [TMT spectrometry from (7)] of commonly up-regulated RPs and regulators including
the RNA- and ribosome-associated regulator, FXR1. (A) THP1 cells grown in serum-starved medium (GO) for 4 days. (B) THP1 cells treated with cytarabine (AraC) at 5 uM [with-
in clinical range (72, 13)] for 3 days, as conducted previously (7). (C) FXR1 levels over time of AraC (1 uM) treatment. FXR1 runs as multiple bands that include posttrans-
lational modifications and splice isoforms (7,8). (D and E) AraC survival after 24-hour treatment, observed by trypan blue stain exclusion cell counts, (D) in FXR1
overexpression (FXR1 OE) compared to control vector, and (E) in FXR1 knockdown (FXR1 KD) compared to control shRNA cells; Western blot below of FXR1, with tubulin
and actin as loading controls. (F) Comparison of global translation by labeling nascently translated proteins in FXR1 KD compared to shRNA control cells, and in FXR1 OE
compared to control vector cells, with L-homopropargylglycine (HPG), an amino acid analog of methionine containing an alkyne moiety that is biotinylated by Click-
iT chemistry (Thermo Fisher Scientific), followed by SDS-PAGE and HRP-streptavidin Western analysis; Western analysis of FXR1 levels below and quantification of labeled
protein levels on the right. Data are average of three replicates + SEM. See also fig. S1.
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underlie their common ability to survive chemotherapy (1). Therefore,
we asked the question whether FXR1, an RNA and translation regulator,
could be amplified in chemotherapy-treated cells. We tested FXR1
levels by Western blot analysis in cytarabine (AraC) chemotherapy-
treated cells (1) at clinically relevant concentrations (12, 13). We find
that FXRI is transiently elevated in AraC-treated THP1 cells (AraC;
Fig. 1C and fig. S1A), as in serum-starved GO cells (10) that are chemo-
resistant (I). This was also observed upon AraC treatment of another
AML cell line, NOMOI (fig. S1B), indicating that FEXR1 elevation upon
AraC treatment was not unique to THP1 cells. These data reveal tran-
sient elevation of FXR1 levels upon AraC therapy treatment in AML.

THP1 cell survival, upon treatment with AraC chemotherapy,
is promoted by FXR1 overexpression and reduced by

FXR1 depletion

To investigate whether FXR1 plays a role in chemosurvival of GO and
AraC-treated cells where it is elevated, we used a previously constructed
THP1 cell line for FXR1 depletion (10, 11). This is stably transduced
with a doxycycline-inducible short hairpin RNA (shRNA) lentiviral
vector (FXR1 KD), compared to a parallel control shRNA-expressing
cell line. These cells are induced with doxycycline to express the sShRNA
for 3 days to effectively deplete all FXR1 isoforms (10, 11). We pre-
viously observed that FXR1a isoform increases in GO THP1 cells (10).
Therefore, we also constructed a THP1 cell line that constitutively
overexpresses FXR1a (FXR1 OE) compared to a control vector cell
line. Western blot analysis shows that FXR1 was effectively depleted
or overexpressed (Fig. 1, D and E, Western blots). These were treated
with AraC for 24 hours to test the impact of FXRI levels on chemo-
survival. Consistent with its increase in AraC-surviving cells, we find
that FXR1 overexpression promotes chemosurvival by 1.9-fold, while
FXR1 depletion reduces chemosurvival to less than 50% (Fig. 1, D and
E, graphs). These data suggest that FXR1 promotes chemosurvival
of THP1 cells.

FXR1 depletion decreases, while overexpression

promotes, translation

We next explored the mechanism of how FXR1 may promote chemo-
survival. To investigate the effect of FXR1 on translation, we per-
formed nascent translation labeling analysis in FXR1 KD compared
to control shRNA cells and in FXR1 OE compared to vector control
cells. We used 1-homopropargylglycine (HPG), an amino acid analog
of methionine containing an alkyne moiety that can be biotinylated
by Click-iT chemistry (Thermo Fisher Scientific), for labeling nascently
translated proteins, followed by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and horseradish peroxidase (HRP)-streptavidin
Western analysis and quantification. We verified this by *°S-Met in-
corporation (14) to label nascently translated proteins in FXR1 KD
cells followed by SDS-PAGE. We find that FXR1 depletion decreases
protein synthesis by almost half, compared to control shRNA cells
(Fig. 1F and fig. S1C). Conversely, FXR1a overexpression increases
nascent translation by 1.7-fold compared to control vector cells (Fig. 1F).
These data suggest that FXR1 is needed for translation.

FXR1 depletion decreases, while overexpression increases,
ribosomal RNAs

Given the decrease in global translation, we investigated whether FXR1
levels alter ribosome biogenesis. Ribosome biogenesis includes ri-
bosomal RNA (rRNA) transcription and processing, rRNA modifi-
cation, and ribosomal proteins (RPs) and their assembly, mediated
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by several regulators (15-18). Analysis of rRNAs by quantitative
polymerase chain reaction (QPCR) and droplet digital PCR (ddPCR)
revealed a significant decrease in 28S, 18S, and 5.8S rRNAs upon
FXR1 depletion, compared to control shRNA cells (Fig. 2A and fig.
S2A). Conversely, 288, 18S, and 5.85 rRNAs increase upon FXR1 over-
expression compared to control vector cells. FXR1 depletion also
reduces, while overexpression increased, the RNA Polymerase I (Pol I)
rRNA precursor 4558 rRNA (Fig. 2A), indicating that ribosome gene
transcription and processing are affected by FXR1. Apart from Pol
I-derived 288, 18S, and 5.85 rRNAs, the fourth Pol III-transcribed
58 rRNA is also decreased and enhanced with FXRI1 (Fig. 2A), sug-
gesting that FXR1 may be altering a common Pol I and Pol III reg-
ulator and/or multiple ribosome biogenesis regulators. These data
are consistent with decreased translation in FXR1 KD cells and en-
hanced translation in FXR1 OE cells (Fig. 1F) and suggest that FXR1
levels affect ribosome biogenesis.

Specific snoRNAs, involved in rRNA processing and
modification, are elevated in GO or FXR1-overexpressing
cells and decrease upon FXR1 depletion
Ribosome biogenesis involves RNA regulators called small nucleolar
RNAs (snoRNAs) that process or modify rRNAs. SnoRNAs involved
in rRNA processing, such as U3 (snoRD3) and U8 (snoRD118), bind
RNA-protein complexes (RNPs) that are required to cleave and process
the 478 rRNA precursor into mature 188, 28S, and 5.85 rRNAs. Other
snoRNAs bind modification enzymes and RNA binding proteins to
form snoRNPs that are known to base pair and modify rRNAs at specific
sites. Box C/D snoRNAs (snoRD) recruit fibrillarin enzyme to cause
2'-O-methylation, while Box H/ACA snoRNAs (snoRA) recruit Dyskerin
enzyme to pseudo-uridylate rRNA sites. These modifications affect
ribosome interactions and are important for translation (16, 19-22).
We first examined levels of snoRNAs involved in rRNA cleavage,
U3 and U8. RNA profiling in GO and proliferating cells revealed
that U3 (snoRD3) increases in GO cells (table S1, A to C) (I, 10, 11).
Consistently, qPCR analysis reveals that U3 and U8 decrease upon
FXR1 depletion and are enhanced upon FXR1 overexpression (Fig. 2B
and fig. S2A), which can affect 458, 28S, 18S, and 5.8S rRNA levels
in Fig. 2A. Profiling also revealed that several snoRNAs that modify
distinct rRNA sites are elevated in GO compared to proliferating cells
(table S1, A to C) and decrease in RNA profiles of FXR1 KD cells com-
pared to control shRNA cells (Fig. 2C and table S1, A to C). These
data are consistent with the impact of FXR1 observed on translation
and rRNA levels (Figs. 1F and 2A).

SnoRNAs regulated by FXR1 alter rRNA modification

To test the outcome of FXRI1 regulation of snoRNA levels, we ana-
lyzed FXR1 KD or OE cells for 2’-O-methylation [by low deoxynucle-
otide triphosphate (ANTP) reverse transcription gPCR (RT-qPCR)]
and pseudouridylation [after N-cyclohexyl-N'-(2-morpholinoethyl)
carbodiimide metho-p-toluenesulfonate (CMC metho-p-toluene
sulfonate) treatment followed by low dANTP RT-qPCR (21, 23, 24)]
at the rRNA sites of specific snoRNAs that increase in GO cells but
decrease in GO FXR1 KD cells (table S1, A to C). To globally exam-
ine rRNA modification changes, with or without FXR1, we enriched
rRNA [devoid of poly(A) RNA and RNAs fractionated, to remove
tRNAs and other RNAs less than 200 nucleotides (nt)] from FXR1
KD GO and control shRNA GO cells and subjected the nucleosides
to liquid chromatography-mass spectrometry (LC-MS) analysis
(fig. S2B and table S1D).
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Fig. 2. FXR1 regulates rRNAs and snoRNAs and associates with ribosome and snoRNA regulators. qPCR of rRNAs and snoRNAs normalized to actin mRNA: (A) 455,
18S, 28S, 5.85, and 5S; (B) snoRNAs U3 and U8in FXR1 KD compared to control cells and in FXR1-OE compared to control cells. (C) SnoRNAs from normalized microarray
profiles in FXR1 KD GO cells compared to control cells (red) and GO cells compared to proliferating cells (blue) (table S1, A to C). (D) 2"-O-methylation assay by low dNTP
RT-qPCR, in FXR1-OE cells compared to control cells, of 285 rRNA site (G4198m) modified by snoRD58A (table S1, A to C). (E) Pseudouridylation of 285 rRNA (U4966 and
U4975) by snoRA22 (table S1, A to C), in AraC-treated, GO, and S+ cells, measured by CMC treatment followed by low dNTP RT-gPCR. (F) Mass spectrometry of pseudouridine
in rRNA from GO FXR1 KD compared to control cells (table S1D). In vivo formaldehyde crosslinking-coupled FXR1 immunoprecipitation followed by Western blots of FXR1,
(G) NOLC1, (H) DDX21, and (I) qPCR of partial rescue of 455 rRNA by DDX21 overexpression in FXR1 KD cells. (J) Western blots of c-MYC in FXR1-OE versus control cells.
Western blots of POLR1D in (K) FXR1 KD GO and S+ cells and (L) FXR1-OE versus control cells. (M) gPCR for PolR1D mRNA in FXR1 immunoprecipitates compared to IgG
from in vivo—crosslinked GO cells. Data are average of three replicates + SEM. See also fig. S2 and tables S1 and S2.
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Our data show changes in modification at rRNA sites targeted by
the snoRNAs that are increased in GO and regulated by FXR1. As shown
in Fig. 2D, the target modification site on 285 rRNA (G4198m) of the
box C/D (2'-O-methylation eliciting, fibrillarin-bound) snoRNA,
snoRD58A, shows enhanced 2'-O-methylation in FXR1 OE cells, con-
sistent with snoRD58A elevation in GO cells where FXR1 increases,
and its decrease in FXR1 KD cells (Fig. 2C). snoRA22 is a H/ACA
Dyskerin-bound snoRNA that causes pseudouridylation, which is ele-
vated in GO (table S1, A to C); in accord, rRNA pseudouridylation at
snoRA22 target sites on 285 rRNA (U4966, U4975) is enhanced in
AraC-treated cells (Fig. 2E). Consistent with the decrease of snoRA22
and other such pseudouridylation-causing, Dyskerin-associated,
H/ACA snoRNAs, upon FXR1 depletion (table S1, A to C), we find
that FXR1 knockdown reduces rRNA pseudouridylation by mass
spectrometry, along with alterations in other known rRNA modifi-
cations (Fig. 2F, fig. S2B, and table S1D). The rRNA sites targeted by
these FXR1-regulated snoRNAs can affect tRNA interaction and trans-
lation (25-29). These data suggest that FXR1 regulates levels of spe-
cificsnoRNAsin GO, which can affect rRNA levelsand modifications,
to alter translation in these chemosurviving cells.

FXR1 interacts with rRNA and snoRNA regulators

and modulates the levels of ribosome gene

transcription factors

To identify how FXR1 affects snoRNAs and rRNAs, we examined
FXR1-interacting regulators by in vivo crosslinking GO cells followed
by FXR1 immunoprecipitation and tandem mass tag (TMT) spec-
trometric analysis (10) of coimmunoprecipitates (table S2). We find
that FXR1 interacts with multiple ribosome- and translation-related
proteins in GO (fig. S2C). In vivo crosslinking-coupled FXR1 im-
munoprecipitation in control or FXR1 OE cells reveals FXR1 asso-
ciation with rRNAs (fig. S2D). These data suggest that FXR1 may
interact with ribosome regulators.

We find that snoRNA and ribosome regulators, NOLC1 and DDX21,
coimmunoprecipitated with FXR1 (Fig. 2, G and H; fig. S2C; and
table S2), indicating that FXR1 may affect ribosome levels through
interactions with these ribosome regulators. NOLCI is a snoRNA
and ribosome regulator that is involved in their assembly and bio-
genesis (30, 31). DDX21 (32, 33) binds and affects the roles of
snoRNAs that control rRNA modification and processing. DDX21
also promotes ribosome transcription via Pol I for rRNAs and Pol II
for snoRNA and RP expression (34). Consistently, DDX21 overexpres-
sion in FXR1 KD cells, where rRNA levels decrease (Fig. 2A), partial-
ly rescued the rRNA defect by increasing 458 rRNA levels (Fig. 21I).

In addition, FXR1 has been recently shown to bind and regulate
the 3’ untranslated region (UTR) of c-MYC mRNA (35), a major ribo-
some gene transcription regulator that affects all three polymerases
and regulates ribosome biogenesis (36). Consistently, we find that
c-MYC increases upon FXR1 overexpression (Fig. 2J), which could
lead to enhanced ribosome biogenesis. Since FXR1 affects both Pol
I transcript 455 rRNA and Pol III transcript 5S rRNA (Fig. 2A), we
hypothesized that a common component of both Pol I and Pol III
complexes may be affected by FXR1 and GO chemoresistant cell con-
ditions, leading to this coordinated impact on both Pol I- and Pol
and Pol IIT components are increased in GO and are affected in FXR1-
depleted or FXR1-overexpressed cells. POLR1D is an essential com-
ponent of both Pol I and Pol III complexes and is needed for DDX21
to locate to the nucleolus (32, 34); thus, POLR1D can affect 45S and 5S
rRNAs, and DDX21 functions on snoRNAs, Pol I, and Pol II. Mass
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spectrometry dataset from GO and AraC-treated cells reveals that
POLRI1D increases in GO and AraC-treated cells (table S3A) but is
reduced upon FXR1 depletion (fig. S2E and table S3, A to D, sheet d).
Consistently, we find that POLR1D is reduced and overexpressed
with FXR1 knockdown or overexpression, respectively (Fig. 2, K and
L). Accordingly, we find that POLR1D mRNA binds FXR1 (Fig. 2M),
indicating that FXR1 associates with POLR1D mRNA to modulate
levels of this rRNA transcription regulator. These data suggest that
FXR1 interacts with or regulates levels of multiple ribosome biogenesis
factors to alter ribosomes in GO and AraC-treated cells where FXR1
is elevated.

RP levels are altered in GO cells, AraC-treated cells,
and FXR1-overexpressing cells
SnoRNAs, rRNAs, and their regulators are modulated by FXR1 that
increases in GO and AraC-treated cells, where RPs and regulators are
also altered (Figs. 1, A and B, and 2 and table S3, A to H). Many RPs
modulate rRNA processing (16-18), and RP genes are regulated tran-
scriptionally by DDX21 and ¢-MYC that are modulated by FXR1
(Fig. 2, H to J, and tables S1 and S3, A to G). In addition, we find that
some RPs interact with FXR1 in GO (fig. S2C and table S2), consist-
ent with previous studies that showed that RPs interact with FXR1
(7). FXR1 amplification in GO and AraC-treated cells could alter RPs
to elicit changes in ribosome complexes (37) and translation output;
therefore, we examined RPs upon FXR1 depletion and overexpression.
We find that a specific set of RPs are commonly increased or de-
creased, in both serum-starved GO and AraC-treated cells in proteomic
analyses [Fig. 1, A and B, and table S3B; TMT mass spectrometry
G0 and AraC data from table S3A (1)], indicating that common changes
in RP composition occur in these chemoresistant cells. Some RPs
that increase in GO and AraC (table S3B; TMT mass spectrometry
GO and AraC) decrease upon FXR1 depletion (FXR1 KD cells com-
pared to control shRNA cells) or are enhanced upon FXR1 overex-
pression (FXR1 OE cells compared to control vector cells), as seen
by qPCR (Fig. 3A, RPL8 and RPS14), Western blot (Fig. 3, B to D,
RPLPO, P2, L19, and L29), or profiling analyses [fig. S3A and table
S3, G, E, and G: RNA profiling data in FXR1 KD compared to con-
trol shRNA cells in table S3C from table S1A, proteomic data of
FXR1 KD compared to control shRNA cells in table S3D, and trans-
latome data from FXR1 KD compared to control shRNA cells in ta-
ble S3G from table S3F (10, 11)]. These data suggest ribosome changes
in cells with elevated FXR1 levels, as in GO and AraC-treated cells,
which can affect ribosome complexes and translation.

Distinct ribosome complexes are observed in GO or AraC-
treated cells, compared to proliferating, untreated cells, but
are similar to ribosome complexes in FXR1-

overexpressing cells

As rRNA processing, RP level, and modification changes are induced
in GO by FXR1 overexpression (Figs. 2 and 3, A to D), we analyzed ribo-
some complexes formed in AraC-treated and serum-starved GO cells
to test whether they are distinct compared to proliferating cells. We also
compared these with ribosome complexes in FXR1-overexpressing
cells compared to control vector cells, as they show similar chemo-
survival and ribosome changes to GO and AraC-treated cells. These cells
were first subject to formaldehyde crosslinking to freeze in vivo com-
plexes. Cytoplasmic extracts were prepared to avoid nuclear, preribo-
some complexes that are not assembled. To identify changes in ribosome
complexes, the extracts were bound on an anionic diethylaminoethanol
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Fig. 3. elF2a phosphorylation and noncanonical start site translation increase with altered ribosomal components upon FXR1 overexpression. (A) RP levels by qPCR
normalized to actin mRNA in FXR1 KD and in FXR1-OE compared to control cells (table S3C). Western blots of (B) RPLPO, (C) RPLP2, and (D) RPL19 and RPL29in FXR1-OE and
control cells. (E) Y10B immunoprecipitation from in vivo—crosslinked cytoplasmic extracts, followed by DEAE fractionation to analyze ribosome complex migration in salt
fractions in GO and AraC-treated cells compared to S+ cells by gPCR for 185 and 285 rRNAs (representing 80S ribosomes) comigration. (F) DEAE fractionation and qPCR of rRNAs
of Y10B-immunopurified ribosome complexes (18S, 285 rRNAs) in the 1 M fraction normalized to 500 mM fraction, from GO, and AraC-treated cells, versus S+ cells; FXR1-OE
cells versus control cells. (G) Western blots of phospho-PKR in FXR1-OE, AraC-treated versus control cells. (H) snoRA2A and snoRD46 overexpression, followed by Western blot
for phospho-elF20. Western blot of (I) phospho-GCN2 and (J) phospho-elF2a in FXR1-OE versus control cells. (K) GCN2 immunoprecipitation, followed by rRNA gPCR; Western
blot of RPLP0O and GCN2 (In = 10% input), in FXR1-OE versus control cells. (L) Western blot of phospho-elF2c.in FXR1 KD versus control cells. (M) Western blot of phospho-GCN2
and phospho-elF2a in FXR1-OE cells transfected with control or RPLPO shRNAs. (N) Translation ratios of GUG start site luciferase over AUG reporter normalized to cotransfec-
tion Renilla. GO, AraC-treated compared to S+ cells. (O) FXR1-OE compared to control cells. Data are average of three replicates + SEM. See also fig. S3 and table S3.
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(DEAE) column and eluted by increasing salt concentrations to sep-
arate complexes (10). Fractions of the in vivo crosslinked complexes
that contained both 18S and 28S rRNAs, depicting small and large
subunits, were examined as composite 80S ribosome complexes.
We observed one peak at 500 mM salt in untreated, serum-grown cells;
in contrast, we find a second distinct peak (1 M salt) of ribosome com-
plexes in GO and AraC-treated cells (fig. S3B). Strikingly, we observed
similar two peaks, eluting in the same salt fractions (500 mM, 1 M),
in FXR1-overexpressing cells compared to one (500 mM) in vector
control cells (fig. S3B). These data suggest changes in ribosome com-
plexes that could affect translation and chemosurvival that is common-
ly observed in GO, AraC-treated, and FXR1-overexpressing cells, but
not in untreated, control vector cells (Figs. 1 and 2).

We wanted to ensure that these complexes separated on DEAE are
enriched for ribosomes. Therefore, we immunopurified ribosomes from
GO and AraC-treated cells compared to untreated, serum-grown
cells, as well as FXR1-overexpressing cells compared to control vec-
tor cells, and then examined them by DEAE fractionation. These
cells were first subject to formaldehyde crosslinking to freeze in vivo
ribosome complexes. Ribosome complexes were purified from cyto-
plasmic extracts (to avoid nuclear, preribosome complexes) by Y10B,
an antibody that recognizes 5.8S complexes in assembled 80S com-
plexes (fig. S3C) (38). Y10B immunopurification of assembled 80S
ribosomes was verified by qPCR analysis of enrichment of 5.85 rRNA
and Western analysis of ribosomal protein RPLPO in Y10B immu-
noprecipitates compared to immunoglobulin G (IgG) control (fig.
S$3, D and E). Lack of unprocessed 45S rRNA in Y10B immunopre-
cipitates verified the absence of partially processed, nuclear preribo-
somes in Y10B immunoprecipitates of 80S cytoplasmic ribosome
complexes (fig. S3D). To test whether Y10B-purified ribosome complexes
migrate distinctly in GO, AraC-treated, and FXR1-overexpressing cells,
compared to control vector or untreated, serum-grown cells, the
Y10B immunoprecipitates were fractionated over DEAE and eluted
with increasing salt. These were examined for fractions that showed
both 18S and 28S rRNAs depicting small and large subunit rRNAs,
as composite 80S ribosome complexes, by qPCR analysis. While un-
treated, serum-grown cells showed a single peak at 500 mM salt, a
second complex is observed at 1 M salt in GO and AraC-treated cells
(Fig. 3, E and F), consistent with the ribosome component changes
observed in these conditions in Figs. 2 and 3 (A to D) and in fig.
S3B. We observe a similar pattern of two distinct peaks of ribosome
complexes seen in GO and AraC-treated cells, eluting in the same
salt fractions (500 mM, 1 M) in FXR1-overexpressing cells compared
to the single lower salt peak in control vector cells (Fig. 3F). These data
suggest that in FXR1 overexpression conditions that include exoge-
nously overexpressed, GO, and AraC-treated cells, ribosomal com-
plex changes are observed. While distinct RNPs associated with the
ribosome, or partially formed 80S could cause altered complex mi-
gration, these data suggest that ribosomes are differentially bound
or comprised in FXR1-overexpressing cells and migrate in fractions
that are similarly observed in GO and AraC-treated cells, but not in
untreated, proliferating cells.

Altered P stalk proteins and snoRNAs in GO cells,
AraC-treated cells, and FXR1-overexpressing cells enhance
elF2a phosphorylation

These multiple changes on the ribosome can alter many downstream
mechanisms to affect translation; one way is by activating stress sig-
naling pathways (39-42). GO and AraC-surviving cells where FXR1
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increases show inhibition of canonical translation with increased phos-
phorylation of eIF2a (1). This is brought about by eIF2a kinases that
respond to multiple stress signals and can be induced by ribosomal
component changes elicited by increased FXR1: via enhanced snoRNAs
(43, 44) and via ribosome changes in the P stalk RPs (39, 40).

FXR1 enhances levels of several snoRNAs (table S1, A to C) that
have been shown to bind RNA-activated protein kinase (PKR) eIF2a
kinase (elF2ak2), a double-stranded RNA (dsRNA) binding protein
(43, 44) that causes eIlF20 phosphorylation. We hypothesized that
increased snoRNAs by FXR1 amplification, as in GO and AraC-treated
cells, could, in part, lead to eIF20 phosphorylation, as snoRNAs have
been shown to activate eI[F2ak2 or PKR (43, 44). Consistently, we find
that FXR1-overexpressing cells and AraC-treated cells show increased
phosphorylation and thus activation of PKR (Fig. 3G). Therefore, we
tested the impact on elF20 phosphorylation upon overexpression of
two snoRNAs thatare enhanced in GO cells, snoRD46 and snoRA2A. We
verified overexpression of these transfected snoRNAs by qPCR com-
pared to a control vector (fig. S3F). We find that overexpression of
these snoRNAs leads to elevated eIF2a phosphorylation, compared
to expression of a control vector (Fig. 3H). This suggests that overex-
pression of FXR1 alters snoRNAs, which can activate PKR (43, 44)
and phosphorylate eIF20.

Recent studies also show that P stalk proteins, RPLP2, RPLP1, and
RPLPO or uL10, promote phosphorylation of eIF2a by activation of
GCN2 elF2a kinase (eIF2ak4), via RPLPO interaction (39, 40). Sig-
nificantly, we find that RPLPO increases in FXR1-overexpressing cells
(Fig. 3B) and decreases upon FXR1 knockdown (fig. S3A and table
S3C). Similarly, we find RPLP2 elevated in FXR1-overexpressing cells
(Fig. 3C). Consistent with studies that demonstrated that P stalk pro-
teins can interact with and activate GCN2 and cause eIF20, phos-
phorylation (39, 40), we tested FXR1-overexpressing cells for GCN2
phosphorylation that marks its activation and for downstream eIF2a
phosphorylation. We find that FXR1-overexpressing cells—where
RPLPO is enhanced, as in AraC-treated cells (Fig. 3B)—show increased
GCN2 phosphorylation (Fig. 3I) and concordantly enhanced elF2a
phosphorylation (Fig. 3]). Concurrently, we find that GCN2 associates
more significantly with ribosomes and RPLPO in FXR1-overexpressing
cells (Fig. 3K), which may enable GCN2 activation and eIF20 phos-
phorylation (39, 40). Conversely, elF2a phosphorylation decreases
upon FXR1 depletion in THP1 and other cell types (Fig. 3L and fig. S3G).
This increase in FXR1 and eIlF20 phosphorylation is regulated over
time of AraC treatment but is variable at higher concentrations of
AraC (fig. S3, H and I), likely due to multiple effects including cell death
and feedback regulation of phosphatases and mTOR that affect
elF20 phosphorylation and FXR1levels (1, 10,45). GCN2 phosphoryl-
ation and activation, and eIF2a phosphorylation in FXR1-overexpressing
cells, is reduced upon RPLPO knockdown (Fig. 3M), consistent with
the need for RPLPO in FXR1 overexpression conditions for GCN2
activation and elF2a phosphorylation. These data suggest that ribosome
changes in FXR1-overexpressing cells, as in GO and AraC-treated
cells, elicit eIF20 phosphorylation.

FXR1-overexpressing cells, similar to GO and AraC-treated
cells, promote translation of noncanonical start sites

elF20 phosphorylation inhibits canonical translation and reduces
the stringency of selecting canonical AUG start sites that are present
within a strong Kozak consensus sequence. This permits unconven-
tional translation, including use of mRNAs with structured 5"UTRs,
start sites in poor Kozak consensus, or non-AUG start sites (3, 46-48).
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FXR1 amplification in GO, AraC-treated, and FXR1 OE cells leads
to multiple ribosome alterations (Figs. 2 and 3, A to F). Increased
snoRNA modification can promote noncanonical translation (24),
while altered ribosomes can promote specific mnRNA 5'UTR trans-
lation (37), and eIF2a phosphorylation can inhibit canonical trans-
lation to permit translation of specific 5'UTRs and noncanonical
start sites (47). As these changes, upon FXR1 elevation in GO and
AraC-treated cells, can redirect translation, we tested whether lucif-
erase reporters with a noncanonical GUG start site would be trans-
lationally up-regulated, over a canonical AUG start site reporter. We
normalized both these reporters to a Renilla reporter as cotransfec-
tion control and for RNA levels.

In GO and AraC-surviving cells, we find that the translation of
GUG reporter over that of the AUG reporter is enhanced, com-
pared to the translation ratio in untreated, serum-grown proliferat-
ing cells (Fig. 3N), indicating that translation of unconventional
start sites is enabled in GO and AraC-treated conditions. We tested
whether FXR1 overexpression affects translation of noncanonical
start sites, as this translation could be due to FXR1 amplification, or
other factors in GO and AraC-treated cells. We find that, as in GO
cells, the translation of GUG reporter over that of the AUG reporter
is enhanced in FXR1-overexpressing cells, compared to control vec-
tor cells, even without induction of GO or AraC treatment (Fig. 30).
These changes in luciferase expression are not seen at the RNA level
(fig. S3]). These data suggest that translation of atypical start sites is
enabled in GO cells, AraC-treated cells, and FXR1 OE cells.

FXR1 overexpression promotes translation of survival genes
The above data suggested that FXR1 overexpression in GO and AraC-
treated cells may promote translation of specific mRNAs. To iden-
tify which mRNAs are translated because of FXR1 amplification
seen in GO and AraC-surviving cells but without GO or AraC condi-
tions that could induce other effectors, we conducted polysome
profiling of control vector and FXR1 OE cells without GO or AraC treat-
ment (Fig. 4A). The heavy polysomes (>2) were pooled and profiled
by microarray compared to input samples to identify mRNAs that
are promoted or repressed on polysomes by FXR1 overexpression
(table S4, A and B). We find that ~10% [312 (AraC-treated proteome;
table S3A) to 407 (GO proteome; table S3A) genes of 3575 genes above
1.3-fold in table S4A shown in table S4C] are genes that are com-
monly up-regulated in FXR1 overexpression translatome (table 54,
A to C) and in the proteome of AraC-treated and GO cells (table S3A).
Many of these proteins are also known to be increased in GO but
decreased upon FXRI1 depletion from our datasets (table S3) (1, 10).
Apart from prosurvival oncoproteins like BCL6 (49) and antitumor
immune regulators such as CD47 (50) that we previously noted to be
up-regulated in GO and AraC-treated cells (1) (Fig. 4B and tables S3A
and S4, A to D), mRNAs translated upon FXR1 overexpression also
include stress response genes like XBP1 (51), cell adhesion genes like
PECAMI (52), signaling regulators that include phosphatidylinositol
3-kinase (PI3K)-AKT-mTOR pathway (45), and metabolic enzymes
like PDK3 (53) that are known to promote tumor survival (Fig. 4B
and table $4, A to D).

In addition, several classes of critical genes such as immune cell
receptors that would be recognized by immune cells, and immune
cell-attracting chemokines, are decreased in the translatome of FXR1-
overexpressing cells compared to control vector cells (Fig. 4B, down
in translatome genes, and table S4E). The suppression of immune rec-
ognition receptors and chemokines, while inducing immune evasion
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receptors like CD47, suggests specific nRNA translation to survive
antitumor immunity. These data suggest that specific gene catego-
ries are modulated by FXR1 increase to enable AML survival.

Specific mRNA translation in GO cells with distinct 5'UTRs

To verify the translationally up-regulated mRNAs in FXR1 OE cells
in table S$4 (A to D), we performed qPCR analysis of polysome frac-
tions that are normalized for input levels, which reveal that these
mRNAs are enriched on polysomes of FXR1 OE cells compared to
control vector cells (Fig. 4C), indicating their enhanced translation
when FXR1 is amplified. mRNAs that are up-regulated in FXR1 over-
expression translatome that overlap with increase in AraC-treated pro-
teome are enriched for GC-rich 5'UTRs (fig. S4, A and B) (I, 54, 55).
Several genes known to be translated by non-AUG start sites (48) are
included among the up-regulated translatome in FXR1 overexpres-
sion cells and have GC-rich 5'UTRs (fig. S4, C and D). These GC-rich
5'UTRs and noncanonical start sites are not preferred for conven-
tional tRNA recruitment by eIF2 in the canonical translation mech-
anism. Therefore, translation of these mRNAs could be enabled by
unconventional translation conditions in GO, AraC-treated, and FXR1-
overexpressing cells where elF2a is phosphorylated to reduce its
activity. In accord, we find that these unconventional target genes,
including those regulated by upstream open reading frames [uORFs;
activating transcription factor 4 (ATF4)] (56), and noncanonical
start sites (CITED1) (48) are increased in FXR1 OE but decreased in
FXR1 KD cells (fig. $4, E and F), consistent with their need for eIF2a
phosphorylation to reduce conventional translation. To test whether
these 5"UTRs contribute to specific translation in GO cells, we con-
structed a reporter with the 5"UTR of BCL6, one of the translated
genes in FXR1 overexpression cells (table S4A) that is also enhanced
in GO and AraC-treated cells (table S3A). We find that the transla-
tion efficiency of BCL6 5'UTR luciferase over a control 5'UTR [CX
(10)] reporter (normalized for Renilla co-transfection control and
RNA levels) is elevated in GO compared to proliferating cells and in
FXR1 OE compared to control vector cells (Fig. 4D and fig. S4G).
These data suggest that specific mRNA translation involve, in part,
distinct 5'UTRs that are enabled upon eIF20 phosphorylation, elic-
ited by FXR1-mediated ribosome changes.

Impact on translation mechanism
To understand the mechanism of translation, we analyzed polysomes
in FXR1-depleted cells compared to control shRNA cells. As in the
case of FXR1 OE cells compared to control vector cells (Fig. 4A), while
specific genes are altered on polysomes upon FXR1 depletion (table S3,
F to H), no significant difference was observed in polysome profiles
and in the polysome to monosome (P/M) ratio in profiles conducted
in FXR1-depleted cells compared to control shRNA cells (Fig. 4E).
The P stalk proteins are at the guanosine triphosphatase (GTPase)
activation center (GAC) near the A site, where eEF1A mediates trans-
lation elongation; increased binding of GCN2 in this region via RPLPO
enables GCN2 activation, which is prevented if eEF1A binds GCN2.
Thus, GCN2 activation may suggest reduced eEF1A activity and elon-
gation as seen in starvation stress conditions (39, 40, 57-59). Altered
elongation has been observed with the FXR1 paralogue, FMRP (60).
Therefore, as our data showed that GCN2 associates with ribosomes
in FXR1 OE cells, but not in control vector cells (Fig. 3K), and is acti-
vated because of RPLPO that increases in FXR1 OE cells (Fig. 3, B
and M), we tested whether elongation may be altered in FXR1 OE
and KD cells, compared to control cells.
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We treated cells with harringtonine to block initiation followed by
a time course to observe translated products from preexisting elongat-
ing ribosomes, with puromycin termination and labeling (SunRiSE
method) (61). We observed a difference in labeling at the earliest time
points (fig. S4H), similar to the nascent global translation in Fig. 1F,
suggesting increased translation with FXR1 OE compared to con-
trol vector cells that is then blocked by harringtonine. We examined
labeled products that were smaller in size, as these would reveal differ-
ences in elongation rates first (61) (also all proteins). The harringtonine
time course shows moderately enhanced labeling with FXR1 KD
compared to control shRNA cells (Fig. 4F). FXR1 OE showed a slight,
but not significant, trend of decreased labeling, compared to control
vector cells. While additional studies are needed, these data hint that
FXR1 depletion may moderately increase translation elongation. This
is in addition to FXR1’s role in increasing translation initiation of
specific 5'UTR-bearing mRNAs (Fig. 3, N and O, and fig. S3], GUG
reporter; Fig. 4D and fig. S4G, BCL6 5'UTR reporter), rewiring trans-
lation for surviving these conditions.

FXR1-overexpressing cells show decreased monocyte
migration and enhanced survival with macrophages

Our data show altered translation of immune regulators in FXR1-
overexpressing cells. On the basis of our data, these cells may subvert
immune cells by decreasing translation of immune susceptibility genes
(receptors, immune cell-attracting chemokines) while also promot-
ing translation of immune evasion genes (CD47) that inhibit antitu-
mor macrophages (50) (Fig. 4B, up and down in translatome genes,
and table S4, D and E).

Since FXR1-overexpressing cells show decreased translation of
immune-attracting chemokines (Fig. 4B, down in translatome genes,
and table S4E), we first tested whether FXR1 overexpression alters
migration of monocytes. We find that cocultured monocytes, in a
transwell assay, show 50% reduction in monocyte migration toward
FXR1 OE cells compared to control vector cells (Fig. 5A and fig. S5A).
This is consistent with our data that show decreased translation of
immune-attracting chemokines in FXR1-overexpressing cells (Fig. 4B,
down in translatome genes, and table S4E) and our data that showed
altered immune regulators in G0 and AraC-treated cells (I). These data
suggest that monocytes are precluded from the environment around
FXR1-overexpressing cells through decreased translation of immune-
attracting chemokines, which could allow FXR1-overexpressing cells
to evade associated antitumor immune activity.

Second, we find that immune evasion genes, elevated in the FXR1
overexpression translatome (table S4, A to D), are also increased in
GO and AraC-treated cells (table S3A) (1) and include SLAMF6 (62)
and CD47 (50) that block antitumor immune activity (50). There-
fore, we tested whether FXR1 OE cells would show increased sur-
vival when cocultured with macrophages that can be evaded by CD47,
compared to control vector cells. Flow cytometry analysis revealed
greater survival of FXR1 OE cells (by 22%) compared to control vec-
tor cells, after coculturing with macrophages (Fig. 5B and fig. S5B).
These data suggest that FXR1-overexpressing cells translate im-
mune evasion regulators to survive antitumor immunity.

Chemosurvival of FXR1-overexpressing cells is reduced

by drugs that override elF2o. phosphorylation or block
translated survival genes, BCL6 and XBP1

The enhanced elF2a phosphorylation in GO, AraC-treated, and FXR1
OE cells (Fig. 3] and fig. S3H) is a potential vulnerability as these cells
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use reduced canonical translation to permit specific, prosurvival
mRNA translation. To test whether the elevated elF2a phosphoryl-
ation and specific mRNA translation is needed for chemosurvival, we
used the small molecule, ISRIB. ISRIB overrides elF20 phosphoryl-
ation and restores canonical translation, which would suppress
unconventional, specific mRNA translation (4, 63). We first tested
whether the translation observed with FXR1 overexpression can be
reversed by ISRIB. Western blot analysis revealed decrease of known
noncanonical targets such as ATF4 that are not translated in the
presence of ISRIB (fig. S5C). As shown in Fig. 5 (C to E), we per-
formed polysome analysis in FXR1 overexpression cells with or without
ISRIB treatment followed by qPCR of mRNAs that are translational-
ly increased in FXR1-overexpressing cells (from table S4A). We find
that ISRIB reduced polysome association of several mRNAs that are
up-regulated in FXR1-overexpressing cells, without affecting other
genes like vinculin (Fig. 5E). These data suggest that FXR1 overex-
pression promotes specific, prosurvival mRNA translation under eIF2a
phosphorylation conditions. If so, then overriding this unconventional
translation should reduce chemosurvival of FXR1-overexpressing
cells. Consistently, we find that FXR1 OE cells that are treated with
ISRIB and AraC have reduced chemosurvival compared to FXR1 OE
cells that are treated with buffer and AraC (Fig. 5F). To confirm that the
translated genes are important for survival in FXR1-overexpressing
cells, chemosurvival was tested after inhibiting two known survival genes
(XBP1 and BCL6) that are up-regulated in FXR1-overexpressing
cells, compared to untreated, control vector cells (table S4, A to D).
We find that treatment of FXR1-overexpressing cells with AraC and
toyocamycin, an inhibitor of XBP1 prosurvival gene (64, 65) (Fig. 5G,
together, or adding toyocamycin post-AraC treatment), or AraC and
FX-1, an inhibitor of BCL6 prosurvival oncoprotein (49) (Fig. 5H,
adding FX-1 post-AraC treatment), reduced chemosurvival com-
pared to treatment with buffer and AraC and to control vector cells. These
data suggest that specific mRNA translation mediated by FXR1 con-
tributes to chemosurvival (Fig. 5I) and is a vulnerability that can be
targeted in FXR1 elevated conditions.

DISCUSSION
Cancer cells can enter a reversible arrest phase called quiescence or
GO that is resistant to harsh conditions including chemotherapy
(1, 2). GO cells induced by serum starvation are chemoresistant-like
chemotherapy-surviving leukemic cells and exhibit similar gene ex-
pression at the posttranscriptional level (I). These data suggest that
there is translation of a specific set of survival genes, along with sup-
pression of genes that are detrimental upon therapy treatment. How
cells translate specific genes in these clinically relevant conditions is
not known and could involve translation mechanism changes. We
find that ribosome-associated regulators are similarly altered in both
GO and chemosurviving cells (1) (Fig. 1, A and B), indicating that
they may mediate this gene expression via mechanistic changes.
FXR1 is an RNA-binding protein that was found associated with
ribosomes (7) and is a posttranscriptional regulator (10) that is am-
plified at its chromosome locus in several aggressive cancers, where
it induces dysregulation of critical gene expression (9). Our data
revealed that FXR1a isoform is elevated in GO AML cells (10). Since
GO cells are chemoresistant (1), this suggests that FXRI1 that is in-
creased in GO could play a role in chemosurvival. In accord, we find that
similar to GO THP1 cells, AraC chemotherapy-treated THP1 and other
AML cells (NOMOL) transiently up-regulate FXR1 (Fig. 1C and fig. S1,
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A and B). These data suggest that FXR1 could be increased in some
cancers treated with therapies like AraC to promote chemosurvival.
Consistently, we find that overexpression of FXR1a that is elevated
in GO (10) promotes AraC survival by almost twofold, while knock-
down of FXR1 reduces chemosurvival to less than 50% (Fig. 1, D
and E). These data suggest that FXR1 mediates chemosurvival in GO
and chemo-treated AML, where it is elevated.

FXR1 was identified associated with the ribosome (7), and we
previously found that FXR1 associates with and promotes transla-
tion of specific mRNAs in GO (10). Therefore, the role of FXR1 in
chemosurvival could involve translation regulation. To test this, we
analyzed translation in cells with or without FXR1 depletion by nascent
translation labeling. We find that in FXR1-depleted cells, translation is
decreased by almost half, compared to control shRNA cells (Fig. 1F
and fig. S1C), while increased by 1.7-fold in FXR1-overexpressing
cells. These data suggest a role for FXR1 in GO and chemo-treated
cells via translation regulation that may promote chemosurvival ob-
served here.

FXR1 is known to be nucleolar, nuclear, and cytoplasmic (8) and
can participate in ribosome biogenesis at multiple levels: through
known associations with ribosomes and RPs (7), with RNA regula-
tors, and by posttranscriptional control over ribosome regulators as
detected previously (10, 35). We find that FXR1 depletion reduces
all rRNAs and decreases several snoRNAs and RPs that increase in
GO; conversely, FXR1a overexpression leads to their increase (Fig. 2,
A to G; fig. S2A; and table S1). FXR1 regulates levels of snoRNAs
(table S1, A to C) that modify rRNA sites that affect translation (25-29).
In accord with the increase of snoRD58A and snoRA22 upon FXR1
elevation in AraC-treated cells and FXR1-overexpressing cells, we
find increased modification at their rRNA target sites on 285 rRNA
(Fig. 2, D and E). In addition, with multiple snoRNA changes, alterations
in other rRNA modifications are observed by mass spectrometry
upon FXR1 depletion (Fig. 2F, fig. S2B, and table S1D). FXR1 depletion
and overexpression also alters U3 and U8 snoRNAs (Fig. 2B and fig.
S2A) that cleave and process 47S Pol I precursor rRNA (16, 19-22),
which would lead to the observed alteration in mature 288, 18S, and
5.85 rRNA levels (Fig. 2A and fig. S2A). These data suggest that FXR1
affects multiple ribosomal components (table S1, Fig. 2, and fig. S2),
which could cause the translation change observed in AraC-treated
and GO cells (Fig. 1F and fig. S1C) where FXR1 is amplified (Fig. 1,
A to C, and fig. S1, A and B).

To understand how FXR1 enables these ribosome changes, we an-
alyzed the FXR1 protein interactome (table S2). We find that FXR1
associates with snoRNA and ribosome biogenesis regulators, such
as NOLCI (30, 31) (Fig. 2G), other ribosome-associated factors (table
S2 and fig. S2C), and rRNAs (fig. S2D). Consistent with the fact that
both Pol I-transcribed rRNAs and Pol II-transcribed snoRNAs and
RPs are affected by FXR1, we find that FXRI interacts with DDX21
(Fig. 2H), a regulator that promotes Pol I and Pol II ribosome gene
transcription (32, 33). In accord, we find that DDX21 overexpression,
but not of a control vector, partially rescues the reduced 45S rRNA
precursor levels in FXR1 knockdown cells (Fig. 2I). This is consistent
with regulation of ribosomes, as DDX21 also binds snoRNAs includ-
ing U3 to promote their levels and functions and enhances Pol I-
and Pol II-derived ribosome gene transcription (32-34). Given that
all four rRNAs are affected by FXR1, including 188, 28S, and 5.8S
rRNAs from Pol I transcription, and Pol III transcript, 5S rRNA, our
data suggested that FXR1 may influence a common rRNA transcrip-
tion factor for Pol I and Pol ITI, and/or for all three RNA polymerases,

Datta et al., Sci. Adv. 8, eabo1304 (2022) 28 October 2022

as FXR1 also affects Pol II-derived RPs and snoRNAs. Consistent
with recent data showing FXR1 regulation of c-MYC (35) that con-
trols ribosome gene transcription from all three polymerases (36),
we find that c-MYC increases with FXR1 overexpression (Fig. 2J).
In addition, we find that FXRI associates with the mRNA of POLRID,
a PolI and Pol III transcription factor; consistently, FXR1 depletion
decreases, while overexpression increases, POLRID (Fig. 2, K and
M, and fig. S2E). As POLR1D is needed for rRNA transcription from
Pol I and Pol III, and for DDX21 localization and thus DDX21-controlled
snoRNAs and Pol I and Pol II ribosome biogenesis (32, 34), FXR1
regulation of POLR1D would affect all four rRNAs (Fig. 2A). The
levels of mature rRNAs and the precursor 45S are differentially af-
fected. This may be due to additional effects, apart from transcription
and processing regulation by MYC, DDX21, and PolR1D, where
rRNA levels and folding, and thereby stability, may be affected by
altered modifications by snoRNAs and RPs, whose levels are regu-
lated by FXR1. Thus, our data reveal that FXR1 modulates multiple
ribosome regulators, which can lead to ribosome changes upon FXR1
elevation in GO chemoresistant cells.

These data suggest multiple changes in the ribosome, upon FXR1
overexpression that is seen in GO and AraC-treated cells (Figs. 2 and
3, A to D; fig. S3A; and tables S1 and S3). Consistently, we find that
ribosomes migrate differently in two distinct complexes in GO and
AraC-chemoresistant cells compared to one in proliferating cells;
this is also observed with FXR1 overexpression compared to control
vector (Fig. 3, E and F, and fig. S3, B to E), indicating that FXR1
induces similar differences in ribosome complexes. As these com-
plexes in cytoplasmic extracts are associated with Y10B that binds
5.85 in 80S (38), they may include partially processed 80S complexes
in the cytoplasm where 188 is still being processed, causing differ-
ences in 18S and 28S rRNA levels observed. These ribosome changes
can alter translation, which could enable the cells to adapt to chemo-
therapy and survive.

One way that ribosome changes could alter translation would be
by activating stress signaling. Ribosomes not only function as trans-
lation machineries but also can directly activate stress signaling
pathways (39-42). This includes GCN2 that is activated by stalled
ribosomes (57) or by P stalk RPs (39, 40), and PKR that can be acti-
vated by snoRNAs (43, 44). These kinases disable canonical translation
via eIlF2a phosphorylation, which permits translation on specific
mRNAs such as those with noncanonical start sites or complex 5'UTRs
(3, 46-48). In accord, we find that FXR1 overexpression leads to
activation of PKR and GCN2 (Fig. 3, G and I). Overexpression of FXR1
can increase specific snoRNAs that can bind and activate PKR, a dsSRNA
binding protein (43, 44), which can cause elF2a phosphorylation.
Consistently, we find that overexpression of GO up-regulated snoRNAs,
snoRD46, or snoRA2A leads to increased eIF2a phosphorylation
(Fig. 3H and fig. S3F). In accord, previous data had shown that over-
expression of fibrillarin that leads to altered snoRNA-mediated rRNA
modification induces noncanonical translation (24). We find that
RPs including P stalk RPs are altered in FXR1 OE and KD cells and
in GO and AraC-treated cells (Fig. 3, B and C; fig. S3A; and table S3,
B, C, E, and G). Changes in the P stalk RPs can lead to GCN2 activa-
tion and eIF20 phosphorylation via GCN2 interaction with RPLPO
(39, 40). Consistently, we find that FXR1 overexpression enhances
RPLPO that is also seen in AraC-treated cells, and leads to GCN2
phosphorylation and elF20 phosphorylation (Fig. 3,1and J). RPLPO
associates with GCNZ2; consistently, in FXR1 overexpression cells
where RPLPO is elevated along with eIF20 phosphorylation, we find
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increased association of GCN2 with ribosomes and RPLPO (Fig. 3K).
In accord, in FXR1-depleted cells, we find that eIF2a phosphoryl-
ation is decreased (Fig. 3L and fig. S3G). Accordingly, RPLPO deple-
tion in FXR1-overexpressing cells attenuated phosphorylation of
GCN2 and elF20 (Fig. 3M), indicating that RPLPO is needed for
elF20 phosphorylation, elicited in FXR1 overexpression conditions.
This increase in FXR1 and eIF20 phosphorylation is regulated over
time of AraC treatment and is variable at high AraC concentrations
(fig. S3, H and I), likely due to multiple effects including cell death
and feedback regulation of phosphatases and mTOR that are shown
to affect eIF2a phosphorylation and FXR1 levels (I, 10, 45). Together,
these data suggest that increased FXR1 in GO chemosurviving cells
alters ribosomes to induce stress signals that inhibit canonical trans-
lation and permit specific mRNA translation.

Such stress signaling by the ribosome has been observed with
colliding ribosomes that trigger GCN2-mediated eIF2a phosphoryl-
ation that leads to survival or, at increased levels, induce stress c-Jun
N-terminal kinase (JNK)/p38 mitogen-activated protein kinase
(MAPK) signaling pathway to trigger apoptosis. This has also been
observed with ¢-GAS signaling in other conditions, as well as with
ribotoxic agents, leading to gene expression changes (41, 42, 66, 67).
With transient, acute ISR, there is global decrease in translation fol-
lowed by restoration, but with chronic, moderate ISR, such as seen
in some stress conditions, there is distinct gene translation (68, 69).
This can result in reprogramming of translation without drastic re-
duction in overall translation as seen in FXR1 OE cells where trans-
lation increases (Fig. 1F), despite eIF2a phosphorylation (Fig. 3, I
to M, and fig. S3, H and I). How this is elicited, whether this is due to
MYC deregulation (35) and of other ribosome regulators (Fig. 2, G
to M) and stress mechanisms by FXR1 in these conditions, needs to
be further investigated. With eIF2a phosphorylation, stringent use
of conventional Kozak start sites for initiator tRNA recruitment (3)
is reduced—and can permit translation of specific mRNAs such as
those with complex 5'UTRs, unconventional non-AUG start sites,
or AUGs in poor Kozak start sites that would normally be poorly
translated (47). In accord, we find that translation of a reporter with
anoncanonical GUG start site over that of a reporter with a conven-
tional AUG start site is promoted in FXR1-overexpressing cells and
in GO and chemo-treated cells, compared to untreated serum-grown
proliferating control vector cells (Fig. 3, N and O, and fig. S3]). Con-
sistently, global profiling revealed that many of the genes up-regulated
in GO, AraC-treated, and FXR1-overexpressing cells (Fig. 4, A to C,
and table S4) have GC-rich 5'UTRs (fig. $4, A to D), and non-AUG
start sites (48), and include noncanonical translation targets (table
S4 and fig. S4, C to F); these genes may need eIF20 phosphorylation
to be translationally up-regulated. In accord, we find that a reporter
bearing the GC-rich 5'UTR of one of these up-regulated genes, BCL6,
shows enhanced translation over a control 5'UTR reporter, in GO
and FXR1 overexpression cells, compared to serum-grown, control
vector cells (Fig. 4D and fig. S4G), independent of RNA levels. Other
features that are unique to these transcripts such as previously iden-
tified 3'UTR elements (1, 10), and other ribosomal and translational
changes, may also contribute to the specific translation observed.

Our findings of multiple effects of FXR1 on the ribosome (Figs. 1
and 3) reveal the complexity of translation changes in these chemo-
resistant AML cells where FXR1 is amplified. Analysis of P/M ratios
did not reveal differences between FXR1 OE and FXR1 KD com-
pared to control cells (Fig. 4, A and E). The P stalk RPLP0/uL10 is at the
GAC near the A site, where eEF1A mediates translation elongation;
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increased binding of GCN2 in this region via RPLP0 enables GCN2
activation, which is prevented if eEF1A binds GCN2. Thus, GCN2
activation may suggest reduced eEF1A activity and elongation as
seen in starvation stress conditions (39, 40, 57-59). To test this, we
did a harringtonine initiation block experiment to block initiation
and see preinitiated, elongating ribosome runoff with puromycin
labeling (61). We observe more labeling over time in FXR1 KD com-
pared to control cells (Fig. 4F and fig. S4H). These data hint that run-
off production from elongating ribosomes after initiation shutdown
with harringtonine may be moderately enhanced in FXR1 KD com-
pared to control cells. This was first observed with the paralogue of
FXR1, FMRP, that not only suppresses translation elongation of spe-
cific targets but also promotes initiation of other distinct mRNAs
(60, 70). While additional studies are needed, these data suggest that
FXRI rewires translation—by increasing initiation of specific 5’ UTR-
bearing or noncanonical start site-bearing mRNAs (Fig. 3, Nand O,
and fig. S3], GUG reporter; fig. S4G and Fig. 4D, BCL6 5'UTR re-
porter) that are likely needed for survival—and may also possibly
affect elongation slightly (Fig. 4F), potentially of mRNAs that were
being translated in untreated cells and need not be translated upon
therapy or GO conditions.

Our data reveal that prosurvival genes—stress response genes
like XBP1 (64, 65), cell adhesion genes like PECAMI1 (52), immune
genes like CD47 (50), and oncoproteins like BCL6 (49) (table S4, A
to D, and Fig. 4B)—are translated via these ribosome changes that
are triggered by FXRI in GO chemosurviving cells. Genes that are
down-regulated in the FXR1 overexpression translatome compared
to control vector cells include immune susceptibility genes (recep-
tors, immune-attracting chemokines, Fig. 4B, down in translatome
genes, table S4E). Consistently, we find that monocyte migration is
reduced by 50% in transwell assays with FXR1-overexpressing cells
compared to control vector cells (Fig. 5A and fig. S5A), which could
allow FXR1-overexpressing cells to evade antitumor immune activity.
Concurrently, the increased translatome in FXRI-overexpressing
cells include antitumor immune evasion genes such as CD47 (Fig. 4,
B and C, and table S4, A to D) that inactivate antitumor macrophages
(50). In accord, we find that FXR1-overexpressing cells show increased
survival compared to control vector cells when cocultured with mac-
rophages (Fig. 5B and fig. S5B). Together, these data suggest that the
specific translatome elicited in FXR1-amplified conditions, as in GO
and AraC-treated cells, subverts antitumor immunity by decreasing
immune susceptibility genes and by translating antitumor, immune
evasion genes to survive antitumor immune activity.

Inhibition of canonical translation by eIF20 phosphorylation can
lead to expression of specific survival mRNAs that are poorly trans-
lated by the canonical mechanism (1, 47, 55) due to unconventional
start sites or GC-rich 5"UTRs (fig. $4, A to D). Consistently, treat-
ment with ISRIB that overrides eIF20 phosphorylation to restore
canonical translation (4, 63) prevents this specific mRNA transla-
tion (Fig. 5, Cto E, and fig. S5C). Thus, these data suggest that FXR1
increase in GO and AraC-treated cells causes ribosomal changes that
can reduce canonical translation and enable translation of specific
genes by triggering eIF20 phosphorylation.

Together, our data suggest that the enhanced chemosurvival in FXR1-
overexpressing cells—as in GO and AraC-treated cells, where FXR1 is
elevated and causes ribosome changes and eIF2a phosphorylation—
could be reversed by targeting the eIF2a phosphorylation-induced,
specialized translation mechanism, or such translated genes. Con-
sistently, we find that inhibition of this specific mRNA translation
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with ISRIB (Fig. 5F), or inhibition of the downstream target genes
such as that of XBP1 (64, 65) or of BCL6 (49) with pharmacological
inhibitors (Fig. 5, G and H), reduces the chemosurvival of FXR1
overexpression cells, compared to control vector cells or to FXR1
overexpression cells treated with chemotherapy alone. Together,
our data reveal that FXR1 is a critical translation regulator that is
amplified in GO and chemosurviving AML, which induces ribo-
some changes that trigger stress signals to enable specialized trans-
lation of survival genes to promote tumor persistence (Fig. 5I).

Limitations

While we verified our findings in two different AML backgrounds,
further studies in vivo are needed. Given the complexity of ribo-
somal changes observed (Figs. 1 to 4 and figs. S1 to S4), apart from the
elF2a phosphorylation mechanism, the impact on GO and chemo-
surviving AML will include effects of other ribosome changes medi-
ated by FXR1, other gene expression regulation by FXR1, and other
dysregulated RNA mechanisms in GO cells (I) to elicit survival of
GO and chemoresistant AML.

MATERIALS AND METHODS

Cell culture

THPI cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, streptomy-
cin (100 pg/ml), and penicillin (100 U/ml) at 37°C in 5% CO5. SS or GO
THPI cells were prepared by washing with phosphate-buffered sa-
line (PBS) followed by serum starvation at a density of 2 x 10° cells/ml.
AraC-treated cells were prepared by treatment with indicated con-
centrations of AraC for indicated periods of time. THP1 (TIB-202)
and monocytes (CRL9855) were obtained from the American Type
Culture Collection (ATCC). NOMO1 and MOLM13 were obtained
from ATCC and from the Scadden group (1). Cell lines were tested
for mycoplasma (Promega) and authenticated by the ATCC Cell
Authentication Testing Service (1).

Plasmids

TRIPZ and GIPZ plasmids expressing shRNAs against human FXRI,
RPLPO, and control vector expressing miR30a primiR sequences
(RHS4750) were obtained from Open Biosystems-Dharmacon
(shRNA target sequences are in table S5). Stable cell lines were con-
structed as described previously (10, 11). The stable cells expressing
shRNA against FXR1 were induced with doxycycline (1 pg/ml) for
3 days (once each day) to knock down FXR1. Control cells were
treated similarly. THP1 FXR1 OE cell lines were created by trans-
ducing cells with pHAGE retroviral vector containing FXR1a for
constitutive overexpression of FXR1a (10, 11). Renilla was obtained
and used as done previously (10). The 5"UTR of BCL6 mRNA was
amplified (with primers flanked by Nhe I restriction sites). CX plas-
mid (10) and BCL6 5'UTR-containing amplicon were digested with
Nhe I [New England Biolabs (NEB)] followed by ligation with T4
DNA ligase (NEB). Ligation mixes were transformed in Escherichia
coli cells. Plasmids were purified from E. coli cells after transforma-
tion. Positive clones were confirmed by sequencing. DDX21 plas-
mid (71) and GUG and AUG luciferase reporters (72) were obtained
from Addgene (p23-DDX21 WT was a gift from L.-L. Chen, Addgene
plasmid #128803; pGL4.13/AUG-FFLuc-3XFLAG and pGL4.13/
GUG-FFLuc-3XFLAG were gifts from J. Wilusz, Addgene plasmids
#127333 and #127334).
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Polysome profiling and microarray

Cells (30 x 10°) were grown for each sample and harvested on ice.
In case of the FXR1 KD and its respective control, and FXR1 OE
and its respective control, treated with ISRIB or dimethyl sulfoxide
(DMSO), cycloheximide was not used. Sucrose was dissolved in poly-
some buffer containing 100 mM KCl, 5 mM MgCl,, 2 mM dithioth-
reitol (DTT), and 10 mM tris-HCI (pH 7.4). Sucrose gradients from
10 to 55% were prepared in ultracentrifuge tubes (Beckman) as
previously described (I). Harvested cells were rinsed with ice-
cold PBS and resuspended in polysome buffer with 1% Triton
X-100 and murine ribonuclease (RNase) inhibitor (40 U/ml; NEB)
for 20 min with intermittent tapping on ice for lysis. After centrifu-
gation of cell lysates at 10,000 rpm for 10 min, supernatants were
loaded onto sucrose gradients followed by ultracentrifugation
(Beckman Coulter Optima L90) at 32,500 rpm at 4°C for 80 min
in the SW40 rotor. Samples were separated by density gradient
fractionation system (Biocomp Piston Gradient Fractionation).
RNAs were purified from heavy polysome fractions and whole-cell
lysates. The synthesized complementary DNA (cDNA) probes from
the WT Expression Kit (Ambion) were hybridized to Gene Chip
Human Transcriptome Array 2.0 (Affymetrix) and analyzed by the
Partners Healthcare Center for Personalized Genetic Medicine
Microarray and BUMC facilities. Gene ontology (GO) analysis for
differentially expressed translatome or proteome was conducted by
DAVID 6.7 tools (73). Molecular signatures enriched in FXR1 OE,
KD, and control cells were identified by gene set enrichment analysis
(GSEA) (74).

Western blot analysis

Cells were collected and resuspended in lysis buffer containing 40 mM
tris-HCI (pH 7.4), 6 mM MgCl,, 150 mM NaCl, 0.1% NP-40, 1 mM
DTT, 17.5 mM £3-glycerophosphate, 5 mM NaF, and protease in-
hibitors. Cell lysates were heated at 95°C with 200 mM DTT and 1x
SDS loading dye for 10 min. Samples were loaded onto 4 to 20%
gradient SDS-PAGE (Bio-Rad) or 16% SDS-PAGE (Invitrogen),
transferred to nitrocellulose membranes, and processed for immu-
noblotting. Antibodies against FXR1 (05-1529) (used for Western),
actin (MAB1501), and tubulin (05-829) were from Millipore; NOLC1
(11815-1-AP), DDX21 (10528-1-AP), PolR1D (12254-1-AP), RPLPO
(11290-2-AP), RPLP2 (16805-1AP), RPL29 (15799-1-AP), RPL19
(14701-1-AP), vinculin (26520-1-AP), ATF4 (10835-1-AP), GADD34
(10449-1-AP), and FXR1 (13194-1-AP) (used for Immunoprecipita-
tion) were from ProteinTech; PKR (3072S), P-PKR (2611S), EIF2a
(9722S), P-EIF20 (3597S), and GCN2 (3302S) (used for immunopre-
cipitation) were from Cell Signaling Technology; c-Myc (ab32072),
P-GCN2 (ab75836), GCN2 (ab134053), and ATF4 (ab23760) (used
for Western blot) were from Abcam; and anti-puromycin [3RH11]
(EQO0001) was from Kerafast.

Mass spectrometry

Multiplex quantitative proteomics analysis (TMT spectrometry)
was conducted, as done previously (10), from THP1 leukemic cells
and cell lines created that were treated as described.

Quantitative RT-PCR

Total RNA was extracted using proteinase K buffer and TRIzol
(Invitrogen) as performed previously (10). The cDNA was synthesized
from 1 pg of RNA using M-MuLV Reverse Transcriptase (NEB) and
random hexamer primer (Promega). qPCRs were run on LightCycler
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480 Instrument IT (Roche) using 2x SYBR green mix (Bio-Rad). All
primers used are listed in table S5.

ddPCR assay

ddPCR was performed using purified cDNA obtained from reverse
transcription of RNA isolated from cell lines. The assay development
for ddPCR validation of target genes of interest was performed in
compliance with the updated 2020 Minimum Information for Publica-
tion of Digital PCR Experiments (AMIQE) Guidelines. The ddPCR was
performed in the Applied Biosystems 96-well Thermal Cycler (Thermo
Fisher Scientific) in a final volume of 20 pl. The optimized reaction
mixture was prepared using 10 pul of ddPCR EvaGreen Supermix
(Bio-Rad), 1000 nM forward and reverse primers, and 1 pl of diluted
cDNA. Dilution of cDNA for different assays was performed as follows:
FXR1 (4 ng/ul), U3 (0.2 ng/ul), and 28S (0.04 ng/pl). The prepared
reaction mixture was transferred to the wells of DG8 cartridge. To
generate the droplets, 70 ul of droplet generation oil for EvaGreen
(Bio-Rad) was added and the plate was loaded into the QX200 droplet
generator (Bio-Rad). The droplet emulsions were then carefully trans-
ferred to a semi-skirted, PCR-clean 96 well plate (Eppendorf) using
a multichannel pipette. Last, the plate was sealed using PX1 PCR plate
sealer (Bio-Rad). Annealing temperature for each assay was determined
using a temperature gradient as follows: FXR1 (57°C), U3 (55°C), and
28S (55°C). The final thermal cycling conditions were as follows: initial
enzyme activation at 95°C (51% ramp) for 5 min, then 40 cycles of
denaturation at 94°C (51% ramp) for 30 s, and annealing/extension at
optimized temperature for 1 min, followed by enzyme inactivation at
98°C for 10 min and final hold at 4°C until analysis. Droplets were ana-
lyzed using a QX 200 droplet reader (Bio-Rad), and data were acquired
and analyzed with QuantaSoft analysis software (Bio-Rad). The number
of target gene copies per 20 pl of reaction was calculated from QuantaSoft
data. Only samples with >10,000 droplets per well were included in
the analysis. Three wells are analyzed in parallel for each sample.

Mass spectrometry for RNA modification analysis

Total RNA was isolated using TRIzol as described previously (1, 10).
Isolated RN As were cleaned using an RNeasy kit (Qiagen). Poly(A)-
containing RNAs were separated from the RNA pool using Poly(A)
mRNA Isolation System IV (PolyATtract, Promega). The remaining
nonpolyadenylated RNA was sent for nucleoside digestion and LC-
MS/MS analysis to Arraystar Inc. (www.arraystar.com/lc-ms-based-
rna-modification-analysis-service-selected/isolated-rna/).

Nascent translation level analysis

Global translation was measured by metabolic labeling for a short
period followed by PAGE and scintillation analysis. THP1 stable
cell lines were grown in normal RPMI medium to prevent additional
cellular stress from methionine-free medium. Nascent translation was
analyzed using HPG, an amino acid analog of methionine contain-
ing an alkyne moiety that can be biotinylated by Click-iT chemistry
(Thermo Fisher Scientific). Nascent protein translation labeling with
HPG was followed by SDS-PAGE and Western analysis of labeled
nascent proteins with HRP-streptavidin antibody. HPG was added
as described in the manufacturer’s protocol, or alternatively, 100 uCi
of *S-methionine was added to 10 ml of cells. After incubation at
37°C for 45 min, cells were washed once with PBS and lysed in buffer
[40 mM tris-HCl (pH 7.4), 6 mM MgCl,, 150 mM NaCl, 0.1% NP-40,
1 mM DTT, and protease inhibitors]. The lysate was first separated
by electrophoresis on an SDS-PAGE gel and then transferred to a
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nitrocellulose membrane by Western blotting with anti-biotin anti-
body, or the radiolabeled blot was exposed to a phosphoimager (GE
Healthcare). These were quantified by Image]J. Radiolabeled lysates
were also measured by scintillation counter.

Low dNTP RT-qPCR assay

For analysis of 2'-O-methylation, RNA was prepared from indicated
cells. Reverse transcription (as described above in qPCR) was per-
formed with primers in the reverse orientation from the modification
site on rRNA. Two different ANTP concentrations were used for each
primer, low (0.025 mM) and high (2.5 mM). qPCR was done with
the resulting cDNA using primers at forward and reverse orientation
to the modified sites. Fold change in modification was calculated on
the basis of difference of C, values in the low and high ANTP conditions
(24). For analyzing pseudouridylation, first, the RNA was treated with
CMC metho-p-toluene sulfonate [1-cyclohexyl-(2-morpholinoethyl)
carbodiimide metho-p-toluene sulfonate] under alkaline conditions
(21, 23, 24). This was followed by the process for low ANTP RT-qPCR,
as described above for 2'-O- methylation. Primers are listed in table S5.

In vivo crosslinking and immunoprecipitation

In vivo crosslinking using 0.3% formaldehyde and nuclear-cytoplasmic
separation were done as described earlier (1, 10). Briefly, around
10 x 10° to 15 x 10° cells were harvested on ice followed by washing
with cold PBS. Cell pellets were resuspended in hypotonic buffer
[10 mM tris (pH 8), 1.5 mM MgCl,, and 10 mM KCI]. A syringe
with 25-gauge x /g precision glide needle was used to lyse the cells
by repetitive passes through the needle (up to 5 to 10 times to ensure
lysis) or, alternatively, a douncer was used to appropriately lyse the
cells. The decanted supernatant (cytoplasmic fraction) was centri-
fuged at 2000 rpm for 10 min at 4°C. The supernatant was again
decanted at 2000 rpm for 10 min, producing the final cytoplasmic
fraction. The remaining pellet was washed with 10 times the pellet
volume with buffer B [20 mM tris-HCI (pH 8.0), 25% glycerol,
1.5 mM MgCI2, 0.2 mM EDTA (pH 8.0), and 20 mM KCl]. After
removal of the wash bulffer, the pellet was again suspended in a mix
of 10 times the pellet volume of buffer B, and five times the pellet
volume of buffer C [20 mM tris-HCI (pH 8.0), 25% glycerol, 1.5 mM
MgClI2, 0.2 mM EDTA (pH 8.0), and 1.2 M KCl], and the solution was
mixed by vortex before a 45-min incubation with nutation at 4°C. If
the cells had been crosslinked, this fraction was sonicated for 5 s and
then 30-s cooling on ice (six times, 90% duty cycle, output control at 2)
and deoxyribonuclease I (Dnase I)-treated before being centrifuged at
2000 rpm for 10 min at 4°C. The decanted supernatant was collected
as the nuclear fraction. The supernatant was mixed with the cyto-
plasmic fraction. Where mentioned, only cytoplasmic fraction was used.
The lysates were precleared of nonspecific binders by incubating with
protein G (Santa Cruz Biotechnology) beads and IgG. The precleared
lysates were incubated with antibodies and IgG (control) overnight in
buffer (40 mM Hepes, 100 mM NaCl, 6 mM MgCl,, 0.025% NP-40,
1 mM DTT, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride).
Lysates were then incubated with equilibrated and blocked protein
G beads for 2 hours. Beads were then pelleted and washed four times
with radioimmunoprecipitation assay buffer. Beads were then used to
analyze proteins or RNA after using heat to break Schiff’s linkages from
formaldehyde, followed by proteinase K digestion buffer treatment
for the fractions for RNA analysis, and RNase and Micrococcal Nuclease
(to remove RNA and DNA) treatment for the fraction for protein analysis
as described earlier (1, 10).
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DEAE fractionation assay

DEAE fractionation was performed with in vivo formaldehyde
crosslinked extracts or Y10B antibody immunoprecipitates as done
previously (10). Cell lysates or fractions after Y10B immunoprecip-
itation were incubated with equilibrated DEAE beads for 2 hours in
buffer (40 mM Hepes, 6 mM MgCl,, 2 mM DTT, 10% glycerol, and
150 mM NacCl). After collection of the flow-through, beads were in-
cubated with wash buffer of increasing salt concentrations (40 mM
Hepes, 6 mM MgCl,, 2 mM DTT, and 10% glycerol, with NaCl rang-
ing from 250 to 500 to 750 to 1000 to 2000 mM). RNA was isolated
from each salt fraction. Amount of rRNA in each fraction was ana-
lyzed by qRT-PCR, normalized to input levels.

Luciferase assay

Plasmids containing firefly luciferase reporters downstream of AUG
or GUG start sites (72) or the BCL6 5'UTR were co-nucleofected
using Lonza Nucleofector (10) with Renilla luciferase in FXR1 OE,
control vector, and THP1 cells. Nucleofected cells were then grown
under conditions of S+, G0, and 5 uM AraC. Cells were harvested,
washed, and lysed in 1x passive lysis buffer (Promega). Luciferase
activity in the lysates was analyzed using the Luciferase Assay Sys-
tem (Promega) as per the manufacturer’s instructions and as con-
ducted previously (10).

Harringtonine initiation block assay

We used harringtonine to block initiation followed by a short time
course to observe translated products from preexisting elongating
ribosomes, with puromycin termination and labeling [SunRiSE
method (61)]. Cells were divided into six-well plates and treated with
harringtonine (2 pg/ml; Cayman Chemicals, catalog no. 26833-85-2).
After indicated time of harringtonine treatment, cells were treated
with puromycin (10 pg/ml; Santa Cruz Biotechnology, catalog no.
CAS-58-58-2) for 8 min. Cells were pelleted, washed with cold PBS,
and lysed in lysis buffer. Lysates were fractionated on a 4 to 20%
gradient SDS-PAGE followed by immunoblotting. Anti-puromycin
antibody (Kerafast) at a concentration of 1:1000 was used for im-
munoblotting. Image] was used to quantify the whole lane as well as
the puromycin labeling of smaller proteins that report differences
first (61).

Coculture of leukemic cells with immune cells followed

by flow cytometry

CRL9855 monocytes were tested as monocytes or differentiated to
MO macrophages with PMA (phorbol 12-myristate 13-acetate;
185 ng/ml) for 24 hours. MO macrophages were then treated with
interleukin-4 (20 ng/ml) and interleukin-13 (20 ng/ml) for 48 hours
for polarization to M2, and with interferon-y (20 ng/ml) and tumor
necrosis factor o (TNFa) (20 ng/ml) for 48 hours for polarization
to M1 (75). Control and FXR1 OE cells were stained with Far-Red
CellTrace dye (Thermo Fisher Scientific) as per the manufacturer’s
instructions. Macrophages were cocultured with stained control and
FXR1 OE cells for 12 hours at a ratio of 1:2. Coculture cells were col-
lected after trypsinization and washed with PBS. Non-cocultured
control and FXR1 OE cells, stained with Far Red CellTrace, were used
as controls. Harvested cells were thoroughly washed and stained
with Hoechst 33342 (Thermo Fisher Scientific) as per the manufac-
turer’s instructions. Samples were filtered through a nylon mesh
filter and analyzed for the population stained with both dyes by flow
cytometry (76). Control cells without the Far Red CellTrace but stained
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with Hoechst were used as baseline, and the data were analyzed using
Flow]Jo software.

Cell migration assay

Cell migration assay was performed as previously described (11).
Transwell chambers (8 um pore, Corning) were preequilibrated
with serum-free medium. CRL9855 monocytes (2 x 10* per cham-
ber) that were prestained for 1 hour per the manufacturer’s instruc-
tions with Far Red CellTrace dye (Thermo Fisher Scientific) were
placed in the top chamber, and 700 pl of control or FXR1 overex-
pression cells was placed in the bottom chamber. The chambers
were incubated at 37°C for 18 hours in 5% CO,. Cells on the upper
surface of the filter were removed with a cotton swab. Migrated stained
monocyte cells were observed in the bottom chamber and visual-
ized using a microscope. Microscope images were taken, and the
numbers of migrated cells were determined.

Inhibitors

Cytarabine (AraC) (77), trans-ISRIB (4, 63), FX-1 (49), and toyocamycin
(64, 65) were obtained from Cayman Chemicals. FXR1 OE and con-
trol cells were treated with 1 uM trans-ISRIB for 24 hours. For cell
viability that was measured by trypan blue staining and cell counts
(1), FXR1 OE and control cells were treated individually or with a
combination of 5 uM AraC and 1 uM trans-ISRIB for 24 hours, 100 nM
toyocamycin and 1 uM AraC, and 10 uM FX-1 and 5 uM AraC.

Motif, GO, GSEA, and RNAFOLD analysis

Multiple Em for Motif Elicitation (MEME) software was used to
search for 5'UTR elements as described earlier (1, 78), using 5' UTR
sequences from GenBank. GO analysis for differentially expressed
translatome or proteome was conducted by DAVID 6.7 tools (73),
as described earlier (1) with our datasets. GSEA (74) was performed
as described earlier (1) with our datasets. 5'UTR folding as shown in
fig. S4 (A and B) was performed using RN AFold web server from the
Vienna RNA package (rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi) (79).

Statistical analyses

Each experiment was repeated at least three times. Sample sizes
were estimated on the basis of availability and previous experiments
(10). No samples were excluded from analyses. Statistical tests were
conducted for each figure. SEM values are shown as error bars in
all figures. P values less than 0.05 were indicated with an asterisk.
E values were used for the statistical significance in the motif analy-
sis. Statistical analyses for the datasets were performed as described.
For the microarray data, signed linear fold changes were used (e.g., +2 =
twofold higher in FXR1 KD or OE than in control; -2 = twofold
lower in FXR1 KD or OE than in control). Paired ¢ tests (including
replicate as a covariate) were performed for each gene between ex-
perimental groups to obtain a ¢ statistic and P value for each gene. ¢ sta-
tistics and nominal P values for each effect in the two-factor linear
model, and ¢ statistics and nominal P values for each pairwise com-
parison were generated. Benjamini-Hochberg false discovery rate (FDR)
correction was applied across all genes to obtain FDR-corrected P val-
ues (FDR g values), which represent the probability that a given re-
sult is a false positive based on the distribution of all P values on the
array. FDR ¢ (filtered) values were recomputed separately for the two-
factor model or each pairwise comparison, across only the genes that
were expressed above the median value of at least as many samples as in
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the smallest experimental group involved in the model/comparison.
NES is normalized enrichment score for GSEA. For mass spectro-
metry data in other tables, SD, SEM, confidence interval (CI), P value
derived by Student’s f test, P value derived by ¢ test with unequal
variance, and P value derived by Welch’s test were derived using Excel.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1304

View/request a protocol for this paper from Bio-protocol.
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