The splicing tactor U2AF1 contributes to
cancer progression through a noncanonical
role in translation regulation
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Somatic mutations in the genes encoding components of the spliceosome occur frequently in human neoplasms,
including myeloid dysplasias and leukemias, and less often in solid tumors. One of the affected factors, U2AF1, is
involved in splice site selection, and the most common change, S34F, alters a conserved nucleic acid-binding
domain, recognition of the 3’ splice site, and alternative splicing of many mRNAs. However, the role that this
mutation plays in oncogenesis is still unknown. Here, we uncovered a noncanonical function of U2AF1, showing
that it directly binds mature mRNA in the cytoplasm and negatively regulates mRNA translation. This splicing-
independent role of U2AF1 is altered by the S34F mutation, and polysome profiling indicates that the mutation

affects translation of hundreds of mRNA. One functional consequence is increased synthesis of the secreted
chemokine interleukin 8, which contributes to metastasis, inflammation, and cancer progression in mice

and humans.
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Somatic mutations affecting the genes that encode core
components of the splicing machinery, first discovered
in blood malignancies (Yoshida et al. 2011), have now
been observed in nearly every cancer type (Graubert
et al. 2011; Dvinge et al. 2016; Seiler et al. 2018). These
somatic mutations are largely present in genes, including
SF3B1, SRSF2, ZRSR2, and U2AF1, which code for factors
involved in selection of branchpoint, exonic sequences,
and 3’ splice sites. Spliceosome mutations result in hun-
dreds of changes in alternative splicing, which vary among
tissues and patients (Inoue et al. 2016). The spectrum of
mutations, the stoichiometry in tumors, and the clinical
outcomes point toward splicing-factor mutations as onco-
genic events (Seiler et al. 2018). However, there is little
consensus on the molecular mechanism of action in hu-
man carcinogenesis.

The splicing factor U2AF, a heterodimer of U2AF1 and
U2AF2, is responsible for the recognition and binding to
the 3’splice site ([U2AF1 to AG nucleotides and U2AF2 to
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the polypyrimidine tract), a critical initial step in the as-
sembly of the spliceosome (Merendino et al. 1999; Wu
et al. 1999; Zorio and Blumenthal 1999). A recurrent hot-
spot mutation in U2AF1 (S34F) in its first Zn-finger
domain (Yoshida et al. 2011; Imielinski et al. 2012; Brooks
etal.2014)critical for RNA binding activity (Yoshida et al.
2015), alters RNA-binding specificity (Okeyo-Owuor et al.
2015; Fei et al. 2016; Jenkins and Kielkopf 2017; Kielkopf
2017) and splicing kinetics (Coulon et al. 2014), resulting
in a wide variety of splicing outcomes, most frequently
cassette exon inclusion (Graubert et al. 2011; Yoshida
etal. 2011; Imielinski et al. 2012; Furney et al. 2013; Przy-
chodzen et al. 2013; Ilagan et al. 2015; Okeyo-Owuor et al.
2015). In all cases, the tumor cells retain a wild-type allele
of U2AF1 (Graubert et al. 2011). Most of the splicing
changes observed in human tissue can be recapitulated
in a human bronchial epithelial cell (HBEC) line carrying
the heterozygous U2AF1-S34F mutation (Fei et al. 2016).
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However, mutant HBECs do not exhibit any visible mor-
phological or altered growth phenotypes (Fei et al. 2016),
indicating that the mutation is not a strong driver muta-
tion. Although the S34F mutation mediates subtle splicing
changes, these isoform shifts have not been definitively
linked to a phenotype, leading some investigators to pro-
pose nuclear RNA processing defects such as alterations
in 3 UTRs (Park et al. 2016) or an increase in R-loops
(Chen et al. 2018; Nguyen et al. 2018).

Here, we show that U2AF1 in association with its bind-
ing partner U2AF2, binds mature RNA in the cytoplasm
and functions as a translational repressor. U2AF1 directly
interacts with hundreds of spliced, polyadenylated mRNA
in the cytoplasm, many of which are mTOR regulated and
code for proteins involved in translation initiation and
growth. Using PAR-CLIP, we show that U2AF hetero-
dimer binding is often in the 5 UTR near the start codon
of these messages, suggesting an interplay between bind-
ing and translation initiation. Through RIP-seq and poly-
some profiling, we show that the cancer-associated S34F
mutation correlates with loss of binding and translational
derepression. We further provide evidence in support of a
functional role for this noncanonical pathway through the
translational regulation of the chemokine IL8. IL8 is trans-
lationally up-regulated in the mutant background, in-
creases epithelial-to-mesenchymal transition (EMT) in
culture, enhances the inflammatory response in mice,
and blocking IL8 with neutralizing antibody reduces tu-
mor burden. Moreover, elevated IL8 levels in human
bone marrow correlate with relapsed/refractory acute my-
eloid leukemia. Thus, U2AF1 S34F has the potential to
play both cell-autonomous and nonautonomous roles in
cancer progression, and the mechanism described here
suggests a possible therapeutic intervention.
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Results

U2AF1-S34F mutation confers altered viability
and sustained inflammatory cytokine secretion
after DNA damage

To investigate the mechanism of the S34F mutation in on-
cogenesis, we used four isogenic HBEC lines created with
gene editing (Fei et al. 2016): (1) wt/wt, the parent cell line;
(2) wt/S34F, the heterozygous condition similar to that ob-
served in patients (homozygous S34F mutant is lethal); (3)
wt/—, a line with one allele carrying a frameshift muta-
tion; and (4) wt/S34F—, a line derived from the wt/S34F
line where the mutant allele is frameshifted, resulting in
removal of the mutant U2AF1-S34F protein. Using
RNA-seq, we observed modest changes (1.5-fold to 2.0-
fold increase or decrease) in gene expression in the wt/
S34F mutant cells and altered splicing outcomes (Sup-
plemental Fig. S1A,B). Genes displaying changes in RNA
levels were enriched for those associated with DNA me-
tabolism, (Supplemental Table S1), suggesting either
changes in cell cycle progression or DNA damage.
Although we did not observe change in growth rates (Fei
et al. 2016), we did find that the S34F mutation conferred
altered outcomes upon DNA damage. When irradiated
with a high dose of X-rays (20 Gy), the S34F mutation
conferred substantial growth advantage over a 6-d period
in a cell proliferation assay (Fig. 1A), and this phenotype
could be successfully rescued with the frame-shift muta-
tion, indicating that the S34F mutation resulted in gain
of function. A fraction of wt/S34F cells survived irradia-
tion and stained positive for the senescence marker p-ga-
lactosidase and remained in a senescent state in culture
for >30 d, whereas the wt/wt and wt/— mutant cells died
10-12 d after irradiation (Supplemental Fig. SIC). Thus,

Figure 1. U2AF1 S34F mutant cells show altered
DNA damage response and inflammatory cytokine
secretion. (A) Altered growth in wt/wt, wt/S34F,
wt/—, and wt/S34F— mutant cells after irradiation
with x-rays (20 Gy) measured using a cell proliferation
assay at indicated times (average of three independent
experiments =SD). (B) Cytokine levels measured by
ELISA in media collected at indicated times from wt/
wt, wt/S34F, wt/—, and wt/S34F— mutant cells after ir-
radiation with x-rays (20 Gy). IL8 secreted into media is
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P =0.6601). P values determined by two-sided -test.
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U2AF1 S34F provides resistance to clinically relevant dos-
es of X-rays.

These results bear a resemblance to the phenomenon
of oncogene-induced senescence, where nonproliferating
cells contribute to oncogenesis through secretion of fac-
tors into the surrounding tissue (Krtolica et al. 2001; Bavik
et al. 2006; Liu and Hornsby 2007; Coppé et al. 2008). We
investigated whether these cells secreted analytes charac-
teristic of senescent cells, and tested by ELISA for a panel
of 10 cytokines or chemokines (IL1a, IL1, IL2, IL4, IL6,
IL8, IL10, IFNy, and TNFa) in media collected postirradi-
ation over a 30-d period. Two cytokines—IL8 and IL1a—
showed altered secretion patterns. Strikingly, the senes-
cent wt/S34F mutant cells exhibited sustained secretion
of IL8 for over 30 d, and this phenotype could be rescued
by frame-shifting the mutant allele (Fig. 1B). This sus-
tained secretion over ~1 mo may be due to the increased
viability of wt/S34F cells in response to irradiation. How-
ever, even at steady state (no irradiation), the wt/S34F
mutant cells secreted elevated levels of IL8 compared
with wt/wt cells (17-fold increase), and this phenomenon
was rescued in the wt/S34F- line (Fig. 1C). We confirmed
this observation in human lung cancer cell lines A549 and
H441 and the myeloid leukemia cell line NKM1, which
were either gene edited to create the S34F mutation or cor-
rect a naturally occurring U2AF1-S34F mutation: Each
cell line secreted elevated levels of IL8 in a mutant-depen-
dent manner (Fig. 1C). In contrast, the wt/S34F HBECs
showed decreased secretion of IL1a relative to wt/wt cells
before and after irradiation, an effect which was also res-
cued in wt/S34F- cells (Fig. 1C; Supplemental Fig. S1D).
In summary, U2AF1-S34F cells show radiation resistance
and altered secretion of inflammatory cytokines even be-
fore treatment with X-rays. Because of the role of inflam-
matory cytokines in cancer (Grivennikov et al. 2010;
Taniguchi and Karin 2018), we chose to study this pheno-
type further.

U2AF1 is present in the cytoplasm and binds mature
mRNA

Surprisingly, we observed no changes in IL8 splicing by
RNA-seq (Fei et al. 2016). Moreover, we did not observe
any significant change in IL8 expression between wt/wt
and wt/S34F mutant cells as measured by single-molecule
RNA-FISH and gene expression (RT-qPCR) analyses
(Fig. 2A; Supplemental Fig. S2A). Previous studies have
shown IL8 expression is regulated both at the level of
mRNA stability and translational control (Fan et al.
2011; Herranz et al. 2015; Laberge et al. 2015). Since there
was no change in IL8§ mRNA levels, the elevated secretion
of IL8 in wt/S34F cells is controlled either at the level of
translation or trafficking/secretion. We therefore sought
to determine whether U2AF1 could be playing a role in
regulation of this message independent of splicing.

We first asked whether U2AF! interacts with IL8
mRNA. Fluorescently labeled U2AF1 has been shown to
shuttle between the nucleus and cytoplasm in plant cells
(Park et al. 2017) and using a heterokaryon assay in human
cells (Gama-Carvalho et al. 2001). Also, splicing factors
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have been implicated in translational control (Sanford
et al. 2004; Maslon et al. 2014; Aviner et al. 2017), leading
us to ask whether there exists a cytoplasmic population of
U2AF1 inhuman cells. We observed localization of U2AF1
in the cytoplasm of both wt/wt cells and S34F cells by
immunostaining with ~30% localized in the cytoplasm
(Fig. 2B,C), and we could immunoprecipitate U2AF1 and
U2AF2 from the cytoplasmic fraction with minimal nu-
clear contamination (Fig. 2D; Supplemental Fig. S2B). We
note that wt/S34F cells are heterozygous and the antibody
recognizes both wt and S34F forms of U2AF1. We next
tested for the presence of mature spliced, polyadenylated
mRNA in the cytoplasmic U2AFl-immunoprecipitates
and detected the presence of mRNA for IL1a, IL8, and
DNA pol H in substantial quantities, but very little of
RPB3 mRNA (Fig. 2E; Supplemental Fig. S2C), suggesting
preferential binding of U2AFI to certain mRNAs and not
others. In the wt/S34F mutant cells, binding of U2AFI to
IL8 mRNA was significantly lower (Fig. 2E; Supplemental
Fig. S2D).

We next sought to generate a comprehensive transcrip-
tome-wide view of U2AF1 interactions with RNA in the
cytoplasm. RNA-IP under native conditions was per-
formed on cytosolic extracts with anti-U2AF1 followed
by sequencing (RIP-seq) of associated RNAs. Strikingly,
we observed that mRNAs whose translation is regulated
by mTOR are highly enriched in the U2AF1 RIP in
wt/wt cells (Fig. 2F, blue circles; Supplemental Table
S2). In fact, in a rank-ordered list of RIP/input for all
messages exceeding a threshold for expression (1117 tran-
scripts, RPKM > 1 in all fractions and samples; Supple-
mental Table S3) some of the top hits are mTOR-
regulated mRNA (RPS6, IPO7, NPM1, RPS19). Moreover,
mTOR-regulated mRNAs as a class (Thoreen et al. 2012)
show greater enrichment in the U2AF1 IP than either
the total pool of transcripts or another class of translation-
ally regulated transcripts such as EIF4A-senstive mRNA
(Fig. 2G; Rubio et al. 2014; Wolfe et al. 2014). IL8 did not
meet our RIP-seq threshold criteria due to low expression
levels but is reported to be sensitive to mTOR inhibitors
(Herranz et al. 2015; Laberge et al. 2015). Finally, we
took the top quintile of hits from lists ranked either by
RIP/input or RIP/IgG and analyzed the GO terms. In
both rankings the enriched transcripts are those involved
in translational initiation and peptide biosynthesis (Fig.
2H). Thus, wt U2AF1 specifically binds mRNA in the cy-
tosol, and many of these messages are mTOR-regulated
and/or code for proteins involved in translation.

A noncanonical function for U2AF1 as a translational
repressor

The decreased binding of U2AF1 to IL8 mRNA in wt/S34F
cells, coupled with increased levels of IL8 in the media, led
us to consider that U2AF] might function as a transla-
tional repressor. To test this hypothesis we performed
polysome profiling. We isolated polysomes from wt/wt,
wt/S34F, and wt/S34F— mutant cells (Fig. 3A,B; Supple-
mental Fig. S3A) and determined the fractional amount
of mRNA relative to monosomes. In addition to IL8 and
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IL1a, we tested the mRNAs of NPM1 and PABPCI, two
mTOR-regulated RNAs that were either enriched or not
enriched as measured by U2AF1 RIP-seq (Supplemental
Table S3). NPM1 and IL8 show loss of binding in the
wt/S34F cells and were enriched in the heavy polysome
fractions (Fig. 3B; Supplemental Fig. S3B). PABPCI1
mRNA shows no change (Fig 3B). The enhanced transla-
tional efficiency observed for NPM1 and IL§ mRNA by
polysome analysis in mutant cells was also reflected in
the steady state protein levels (Fig. 3C). We also tested
steady state protein levels for several other genes: IPO7
(reduced binding in wt/S34F) and TSC2 (mTOR-sensitive
but not detected above threshold in RIP) showed higher
levels of protein; IL1a, RUNXI1 and TRIM28 (no change
or small gain in binding) showed no change or decreased
translation, respectively (Fig. 3C).

We then tested for a direct repressive role of U2AF1 in
translation that might be altered by the S34F mutation
by sequencing the mRNA isolated from polysome frac-
tions (Supplemental Table S4). Individual polysome pro-
files are shown in Figure 4A. NPMI1, IL8, and IPO7
translational changes in wt/S34F cells were recapitulated
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Figure 2. U2AF1 binds RNA in the cytoplasm.
(A) Single molecule FISH analysis of IL§ mRNA ex-
pression in wt/wt, wt/S34F mutant cells plotted as
frequency histogram of IL8 mRNA per cell. (Inset)
Single molecule RNAFISH image (gray) showing het-
erogeneity in IL8 RNA expression and nuclei counter
stained with DAPI (blue) in wt/wt cells. (B) Quantita-
tive immunofluorescence detection of cytoplasmic
U2AFI (gray)in PFA fixed cells showing heterogenei-
ty in U2AF1 distribution in the cytoplasm and nuclei
8 counterstained with DAPI (blue). (C) Box plot (min,
L max, first and third quartiles, and median) showing

, the fraction of U2AFI in the nucleus and cytoplasm
of individual wt/wt and wt/S34F cells. (D) Western
blot analysis showing presence of U2AF1 in the
cytosolic fraction. RBM10 and RPA32 (increasing
amounts) served as controls for any nuclear pro-
tein contamination in the cytoplasmic fraction.
(E) U2AFI inteacts with mature IL8 mRNA in the cy-
toplasm. RNA isolated from immunoprecipitates of
cytoplasmic U2AF1 (B) was analyzed by RT-qPCR
for association of IL8, IL1a, DNA polH, and RPB3
mRNA. Fraction of IL1a, IL8, DNA polH, and RPB3
mRNA bound to U2AF1 (top) and their relative en-
richment to U2AFI in mutant cells (bottom). (F)
Transcriptome-wide analysis of WT U2AF1 bound
cytoplasmic mature polyadenylated mRNA by RIP-
seq. Scatter plot of enrichment of U2AF1 bound
RNA (gray), intron-less Histone RNA (red) and
mTOR regulated RNA (blue). (G) Box plot analysis
of mRNA enriched in RIP over input or control IgG
in the top decile of RIP, mTOR sensitive mRNA,
EIF4A sensitive mRNA, or background mRNA.
(H) 3’ splice site-like “AG” sequence and polypyrimi-
dine-rich TOP motifs in 5-UTRs of mTOR-regulated
mRNAs bound by cytoplasmic U2AF1. Gene ontolo-
gy terms of wild-type U2AF1-enriched cytoplasmic
mRNA.

°
Nuclear
o

Cytosolic
0000
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RPB3

in the genome-wide assay, while PABPC1 showed no
change in translational efficiency with mutation status.
The cytoplasmic binding targets of U2AF1 from RIP-seq
were then rank-ordered by loss of binding which occurred
in wt/S34F cells and divided into deciles (n~112 tran-
scripts/decile, Fig. 4B). The average polysome profiles
from the top and bottom deciles demonstrate that the tran-
scripts that showed the greatest change in binding (decile 1)
also showed a polysome profile that is characteristic of
more efficient translation (Fig. 4C). In fact, when looking
at a single ratio of polysome to monosomes over all deciles,
we observe asystematic trend where loss of binding as mea-
sured by RIP correlates with an increase in polysome/
monosme ratio, with the top two deciles showing the
most pronounced effect (Fig. 4D, green). This effect is not
observed in wt/wt cells (gray) and is rescued in wt/S34F—
cells(red)(Fig. 4D). Supporting thisresult, when transcripts
are rank ordered by enrichment in the U2AF1 RIP in wt/wt
cells, there is a systematic trend toward less binding
associated with greater translation (Fig. 4E F). Thus, in in-
dependent measurements of RIP-seq and POLY-seq,
U2AF1-bound transcripts show lower translation.
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A B, Figure 3. U2AF] functions as a translational repres-
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Loss of U2AF1 binding in wt/S34F cells is correlated
with gain in translation efficiency on hundreds of messag-
es, suggesting a functional association between U2AF1
and translational repression which is altered by the S34F
mutation. The targets of this translational repression path-
way in wt/wt cells are enriched in messages which them-
selves code for translation machinery (Fig. 2H), potentially
resulting in direct and indirect changes in translation.
U2AF1-bound messages are enriched for GO categories
associated with multiple aspects of translation, but the
messages that show the largest change in binding and
translation with the S34F mutation are in a subset of these
categories. For example, several translation initiation fac-
tors (EIF2S2, EIF5, and EIF4A2) show change in binding ac-
companied by translational up-regulation, along with
proteins involved in cotranslational protein targeting
(SRP72 and SSR3) and intracellular transport (IPO5,
IPO7, XPOT, and NPM1) (Supplemental Tables S3, S4;
Supplemental Fig. S4). Based on this observation, we
checked other groups of messages known to be translation-
ally regulated (Fig. 4G) and observed that EIF4A-regulated
messages show increased translation in wt/S34F cells, de-
spite not being direct binding targets (Fig. 2G) or showing
changes in binding in the presence of S34F (Supplemental
Fig. S4F). This result, however, is consistent with the chan-
ge in EIF4A2 translation. Thus, there is the potential for
widespread changes in the proteome due to the S34F muta-
tion. Moreover, these data suggest a direction of causality
between binding and translation: Loss of binding is predic-
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tive of increases in translation, but increases in translation
are not predictive of loss of binding.

U2AF1-U2AF2 heterodimer directly binds mRNA in the
cytoplasm

To investigate whether U2AF1 directly binds mRNA in
the cytoplasm, we turned to photocativatable ribonucleo-
side enhanced cross-linking and immunoprecipitation
(PAR-CLIP) analysis that allows for transcriptome-wide
identification of protein—-RNA interactions at nucleotide
resolution (Hafner et al. 2010, 2012; Benhalevy et al.
2017). PAR-CLIP relies on the incorporation of the photo-
cross linkable nucleoside analog 4-thiouridine (4-SU)
into nascent RNA, and the specific site of protein-nucleic
acid cross-linking is revealed by a characteristic T-to-C
mutation in the sequenced cDNA. The frequency and
density of T-to-C mutations is further used to computa-
tionally filter binding sites from the background of copuri-
fied fragments of abundant cellular RNAs (Corcoran et al.
2011).

We created stable HEK 293 (HEK T-REx Flp-In-293
cells) cell lines that conditionally expresses N-terminally
Flag-HA tagged WT (FH-U2AF1-WT) or S34F mutant
U2AF1 (FH-U2AF1-S34F) and used them in several varia-
tions of PAR-CLIP. Using biochemical fractionation, we
isolated chromatin-associated, nuclear, and cytosolic
cellular-cross-linked U2AF1-RNPs (Fig. 5A). Autoradio-
graphy of the immunoprecipitated and radiolabeled
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Figure 4. U2AF]I directly represses transla-
tion of hundreds of genes. (A) Polysome pro-
files of indicated genes showing their
enhanced distribution in heavy polysomes
from wt/S34F cells. Normalization to unit
area for each sample. (B) Rank order of S34F

mutant-associated change in U2AF1 binding
in RIP samples and binned into deciles (~112
transcripts/decile). Bootstrap error bars. (C)
Altered translation (sequence counts) of all
mRNAs in the top (left plot) and bottom
(right plot) deciles in B. (D) Change in trans-
lation (polysomes to monosome ratio) of all
mRNAs in each decile (B) from wt/S34F
(green), wt/wt (gray), and wt.S34F— (red)

cells. (E) Rank order of U2AF1-associated
mRNA from wt/wt cells relative to input
and binned into deciles as in B. (F) Polysome
to monosome ratio of mRNA in all deciles
from E showing reduced binding by U2AF1
to mRNA in wt/wt cells does correlate
with enhanced translation. (G) Polysome to
monosome ratio for several different groups
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complexes fractionated by SDS-PAGE revealed in both
cytoplasmic and nuclear fractions two bands of similar in-
tensity migrating at ~35 and ~70 kDa, corresponding to
RNPs containing U2AF1 and most likely its interaction
partner U2AF2 (Fig. 5B). This data suggests that in the cy-
toplasm U2AF1 bound RNA in a heterodimeric complex
with U2AF2, which is consistent with our observation
that U2AF?2 is present in the cytoplasm (Fig. 2D). Interest-
ingly, immunoprecipitation of cross-linked U2AF1 RNPs
from chromatin did not result in coprecipitation of the
U2AF2 RNP; it remains unclear whether this difference
was biological or merely reflects that the U2AF hetero-
dimer dissociated under harsher experimental conditions
for chromatin isolation. Ligation of 29-nt long 3’ adapters
to the 3’ end of the protected RNA fragments of these
RNPs resulted in further retention of the U2AF complexes
on the SDS-PAGE (Supplemental Fig. S5A), further dem-
onstrating that both U2AF1 and U2AF2 were cross-linked
to RNA.

Since we did not detect any contaminating copurifying
RNPs in our PAR-CLIP experiments, we directly isolated
RNA from the immunoprecipitated U2AF complexes
(U2AF1/2) without further purification and converted
them into small RNA ¢cDNA libraries for deep sequenc-
ing. Genome-aligned reads were grouped into clusters by
PARalyzer (Corcoran et al. 2011) to identify those en-
riched for cross-link-induced T-to-C mutations. Altogeth-

decile

of transcripts. Each group contains three
boxes reflecting the distribution of poly-
some/monosome ratios (from left to right):
wt/wt, wt/S34F, wt/S34F—. The transcript
groups, from left to right, are decile 1 of
changes in RIP/input from wt/wt to wt/

! : T S34F, decile 10, mTOR-sensitive transcripts,
o é éé; and EIF4A-sensitive transcripts. (**) P<

0.001; ()P <0.05.

sensitive  sensitive
mRNA mRNA

decile

er, we identified ~96,000 and 26,000 clusters for U2AF1
WT and ~45,000 and 28,000 clusters for U2AF1 S34F map-
ping to mRNA from complexes recovered from the chro-
matin and cytoplasm, respectively. As expected, we
observed robust enrichment of 3’ splice sites in U2AF1
PAR-CLIP clusters in the chromatin fraction (Fig. 5C). In
contrast, in the cytoplasm, U2AF binding sites distributed
across the mRNA without enrichment at 3’ splice sites
(Fig. 5C), consistent with the lack of intron/exon boundar-
ies in cytosolic mRNA.

Since HEK 293 cells do not express IL8, we chose to in-
vestigate whether NPM1 was also bound by U2AFI in
PAR-CLIP experiments. NPM1 showed substantially re-
duced binding to U2AF1 in RIP-seq experiments and in-
creased association with polysomes in the wt/S34F cell
line. Indeed, chromatin-associated U2AF1 bound NPM1
mRNA at multiple sites, including at the 3'-ss located
at the boundary between intron 1 and exon 2 (Fig. 5D;
Supplemental Fig. S5B). Surprisingly, we also observed
U2AF1/2 binding to the start codon and immediately up-
stream in the 5-UTR in exon 1 of NPM1. U2AF1/2 asso-
ciation to the NPMI start codon was preserved in the
cytoplasm (Fig. 5E; Supplemental Fig. S5B), and further
analysis of the NPM1 5’-UTR sequence context revealed
a polypyrimidine tract followed by an “AG” dinucleotide
located slightly upstream of the start codon, consistent
with the primary sequence requirements for U2AF1/2
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Figure 5. Direct association of U2AF1-U2AF2 heterodimer at
start codons of translationally regulated mRNAs. (A) Western
blot confirming fractionation of UV cross-linked 4SU treated
HEK-293 cells expressing either WT- or S34F-U2AF1 to obtain
cytoplasmic, total nuclear, or chromatin-associated RBPs [(T) to-
tal, (C) cytoplasmic, (N) nuclear, (NP) nucleoplasm, (Chr) chroma-
tin]. (B) SDS-PAGE of 3*P-labeled RBP-cross-linked RNA from the
cytoplasmic fraction showing association of U2AF2 with U2AF1
in the cytoplasm after direct release from anti-Flag antibody
beads. [[N) nuclear, (C) cytoplasmic, (Chr) chromatin]. (C) Enrich-
ment of U2AF1 to 3’ splice sites of pre-mRNA in the chromatin
fraction from the nucleus and lack thereof in the mature RNA
in the cytoplasmic fraction. (D) Sequence coverage map with the
characteristic “T to C” mutation upon binding of U2AF1 to the
first exon and 3’ splice sites of NPM1 pre-mRNA in the chromatin
fraction. (E) PAR-CLIP sequence coverage map with the character-
istic “T to C” mutation showing binding of U2AF1-WT/U2AF2
and U2AF1-S34F/U2AF2 at the start codon and the 5-UTR of
NPM1 mRNA in the cytoplasm, and the lack thereof on the first
exon of PABPC1 mRNA. The polypyrimidine tract in the 5'-
UTR and the ATG start codon are indicated on the sequence. (F)
PAR-CLIP sequence coverage showing altered binding by the
S34F mutant at or near the start codon of translationally up-regu-
lated genes (WT, Green; S34F, Brown), and the entire transcrip-
tome (WT, Red; S34F, Blue). (G) Cumulative distribution
showing that genes bound by WT-U2AF1 at or near the ATG co-
don is a predictor of translation up-regulation in wt/S34F cells
(no binding at start codon, Black, n=6211; binding at start codon,
Red, n =343, median=0.29, P-value =2.6 x 107}; binding >50 nt
upstream, Blue, n=134, median=0.11, P-value=0.083). (H)
MEME motif analysis of binding sites in 5-UTRs showing the
presence of a polypyrimidine tract, the binding site for U2AF2,
and the characteristic CAG binding motif of U2AF1.
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binding at 3’ splice sites. On the contrary, PABPCI, an
mTOR-regulated RNA that was neither enriched in our
RIP assay nor found to be translationally regulated by ex-
pression of U2AF1 S34F in our polysome profiling or se-
quencing assay showed no binding of the U2AF complex
at or close to the start codon, indicative of the specificity
of the interaction. The presence of U2AF at start codons
for select messages suggests a possible regulatory role
for this complex during translation initiation, which we
interrogate in greater detail below.

Direct binding of U2AF at or near start codons of select
mRNAs results in their translational repression

To determine whether there was any correlation between
association of U2AF complex with 5-UTRs and transla-
tional repression, we compiled all the genes that show
increased translation in wt/S34F cells (Figs. 3, 4; Supple-
mental Figs. S3, S4) and aligned them centered at the start
codon. Gene targets that were translationally up-regulated
in wt/S34F cells compared with wt/wt HBECs showed an
approximately threefold increase in binding by WT U2AF
in the PAR-CLIP assay relative to other U2AF target
mRNAs (Fig. 5F). Likewise, S34F U2AF still bound these
translationally up-regulated messages compared with oth-
er target mRNAs, but there was a slight reduction com-
pared with WT U2AF1/2. Strikingly, binding of WT
U2AF1/2 at the start codon alone could independently pre-
dict whether a message would show translational up-regu-
lation in the wt/S34F cells (Fig. 5G). The cumulative
distribution indicates that when WT U2AF1/2 is not
bound at the start codon (black line), there is roughly a
50/50 chance of seeing an increase in the polysome/mono-
some ratio in the wt/S34F cells. In contrast, when WT
U2AF1/2 is bound at the start codon, one is much more
likely to see those messages show increases in translation
in a cell line that contains the S34F mutation, as evidenced
by the rightward shift in the red curve. Even in comparison
to a control analysis where messages are stratified by WT
U2AF1/2 binding slightly upstream in the 5-UTR (>50
nt, blue curve), the functional importance of U2AF binding
to the ATG start codon is apparent. Taken together, our re-
sults suggest that binding of the U2AF complex around the
start codon is functional for translational repression.

Lastly, MEME motif analysis of 5-UTRs from transla-
tionally regulated target genes returned a polypyrimidine
tract followed by a “AG” dinucleotide upstream of or
close to the ATG codon (Fig. 5H), both bona fide binding
motifs of U2AF2 and U2AFI, respectively, at 3’ splice
sites. We note that this analysis integrated results from
different high-throughput experiments (PAR-CLIP, RIP-
seq, and polysome sequencing) performed across different
cell lines and thus attests to the generality of our conclu-
sions. Taken together, these PAR-CLIP studies identify a
class of mRNA which show specific binding of U2AF1/2
near the ATG start codon, and this binding—independent-
ly of any other experimental measure—can predict the
translational response in another cell line containing the
S34F mutation.
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Figure 6. U2AFI controls translation of IL8 via its
5-UTR. (A) Schematic representation of the IL8-2A-
GFP reporter construct. The wild-type IL8-5'-UTR se-
quence with the putative 3’ splice site-like sequence
depicted in bold. The mutated base within the 3’
splice site in the mutant sequence is capitalized. (B)
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U2AF]1 regulates translation of IL8 via its 5'-UTR

Because we identified a role for U2AF1 in translation re-
pression and discovered binding sites in the 5-UTR and
also near the start codon, we analyzed 5'-UTRs for the en-
richment of the U2AF1 motif and found it to be pervasive,
with 4608 out of 6441 experimentally determined 5’ UTRs
containing the motif (FIMO, P <0.01). We also identified a
number of 3'-ss-like sequences in the IL8 5 UTR. Since IL8
did not appear in most of our genome-wide analyses due to
low expression levels, we sought to experimentally test
whether these motifs could be functioning as cis-acting
U2AF1 binding sites. We made several IL8-T2A-GFP re-
porters (Fig. 6A; Supplemental Fig. S6) with either the
wild-type 5-UTR of IL8 or mutations in 3'-ss-like se-
quences. This reporter contains no introns, and the GFP
is not secreted, thereby testing the translational control
mechanism in a splicing- and secretion-independent man-
ner. We found that a point mutant in the canonical 3'-ss
nearest the 5’ end (changing the trinucleotide sequence
from “CAG” to “CAT”) showed translation derepression.
wt/wt and wt/S34F mutant cells carrying either the wild-
type or mutant IL8 reporter had similar levels of RNA ex-
pression (Fig 6B), and FACS analysis revealed that the wt/
S34F mutant cells showed an increase (~1.4-fold) in the
fraction of the cells expressing GFP (Fig. 6C-E; Supplemen-
tal Fig. S6), consistent with our earlier findings (Fig. 3C;
Supplemental Fig. S3C). Strikingly, we observed a fivefold
or 10-fold increase for the 5 UTR mutant IL8 reporter in
cells that were either wt/wt or wt/S34F for U2AF]1, respec-
tively (Fig. 6C-E), indicating that a point mutation in the

Relative Binding

1 125

U2AFI motifin the IL8 5-UTR was sufficient to overcome
translational repression. In addition, altering the 5'-UTR
with multiple mutations either completely abolished
translation (Supplemental Fig. S6B; 5-UTR mtl) or en-
hanced it (Supplemental Fig. S6B; 5-UTR mt2 and mt3),
suggesting a significant regulatory role of the 5-UTR in
IL8 translation. The mutated 5-UTR significantly com-
promised U2AFI binding in both wt/wt and wt/S34F cells
(Fig. 6F). However, there does not appear to be a quantita-
tive relationship between the extent of U2AFI1 bindingloss
(less than twofold) and the increase in translation of the re-
porter (approximately sixfold to 10-fold), suggesting possi-
ble cooperative effects on translational regulation.

Overall, our data indicate that U2AF1 represses transla-
tion in the cytosol through a direct interaction with
mRNA, that this repression is relieved in the presence of
the S34F mutation on hundreds of messages, and that re-
pression is mediated for IL8 by a cis-acting sequence in
the 5" UTR.

Elevated IL8 is associated with multiple measures
of cancer progression

We next asked whether this change in IL8 translation was
sufficient to mediate phenotypic consequences. We car-
ried out experiments on EMT, inflammatory response,
and tumor burden during cancer progression. EMT is a
critical step in metastasis (Kalluri 2009; Thiery et al.
2009; Fernando et al. 2011; Shen et al. 2014; Ortiz-Monte-
ro et al. 2017}, known to be induced by IL8 (Fernando et al.
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2011; Shen et al. 2014; Ortiz-Montero et al. 2017), and is
characterized by the induction of fibronectin and repres-
sion of E-Cadherin expression in epithelial cells (Kalluri
2009; Thiery et al. 2009). Purified recombinant IL8 by it-
self elicited EMT in MCEF-7 cells (Fig. 7A,B), as determined
from the emergence of a fibronectin-high and E-cadherin-
low population in tissue culture, as observed previously.
Conditioned media from the wt/S34F mutant cells also in-
duced the expression of fibronectin and repression of E-
cadherin, but the conditioned media from wt/wt cells
did not (Fig. 7A,B). These data indicate that the media
from wt/S34F cells was biologically active and was suffi-
cient to induce EMT-related gene expression changes.
We then examined the role of the U2AF1-S34F muta-
tion using xenografts. We used two different human lung
cancer lines (HCC78 and H441) with naturally occurring
S34F mutations isolated from patients and generated de-
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rived lines with frame-shifted mutant alleles as previous-
ly reported (Fei et al. 2016). H441 cells with or without
S34F mutation were able to form subcutaneous xenograft
tumors in athymic nude mice with no apparent differ-
ences in tumor sizes, while HCC78-derived cells were
unable to establish tumor growth over a period of 150
d (Fei et al. 2016). Presentation of inflammatory cells at
the periphery or inside the xenograft tumors (from
H441) cells or residue cells (from HCC78 cells) were
scored. In both cases, the occurrence of the tumor-in-
duced inflammation was reduced by removing the S34F
mutant copy from the human cell lines (Fig. 7C).

Next, we sought to assess the specific role of IL8 in me-
diating the ability of H441 cancer cells to form tumors in
mice. One caveat in these studies is that IL8 is not present
in rodents, but homologs of the IL8 receptors (CXCR1 and
CXCR2) are present. NOG mice were injected with H441

Figure 7. IL8 can induce EMT, inflammation
and tumor progression. (A) MCEF-7 cells were cul-
tured in either control, control +IL8 ({1 nM), or
conditioned media (EMT assay) from WT or
S34F mutant cells. After 10 d in culture, cells
were immunostained for E-cadherin (green) and
Fibronectin (red). (B) Scatter plot showing EMT-
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independent tumors: H441 (wt/S34F), n=16;
H441 (wt/S34F-), n=20; HCC78 (wt/S34F), n=
14; HCC78 (wt/S34F—), n=9. P-values were deter-
mined by x* test. (D) Serum IL8 levels (gray bar)
and the number of macroscopic liver nodules
(black circles) from NOG mice injected (tail
vein) with H441 isogenic cells, and treated with
either isotype control or anti-IL8 antibodies for
10 wk (n =3 for each treatment group). Two naive
NOG mice (the two samples on the left) were used
as negative controls. (E) Principal component
analysis of 12 cytokine levels in bone marrow
from healthy and relapsed or refractory acute my-
eloid leukemia donors (RR-AML). (F) Heatmap
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showing the clustering of cytokine measure-
ments. Rows are centered with unit variance scal-
ing applied to rows. Both rows and columns are
clustered using Euclidean distance and average
linkage. The tree ordering for rows and columns
places the higher median first. Patient and spli-
ceosome mutational status are not part of the
clustering and are indicated on the right. (G)
IL8/VEGEF ratio and IL8 levels from healthy and
AML individuals. VEGF and IL8 account for
96% of the variation within the samples.



cells via tail vein and were treated with neutralizing IL8
antibody or with an isotype-matched IgG three times a
week for 10 wk. Serum IL8 levels and tumor burden
were then assessed after the mice were sacrificed 3 d after
the last antibody injection. Half of the mice (n=3) were
given intraperitoneal injections of the anti-IL8 neutraliz-
ing antibody, and the other half were injected with the
control IgG. Tumors were observed in the liver, but pre-
dominantly in the lung (Fig. 7D; Supplemental Fig. S7). Al-
though lung-tumor burden did not change (Supplemental
Fig. S7), the tumor burden in the liver showed a significant
decrease with a corresponding decrease in serum levels of
IL8 (Fig. 7D). Taken together, studies in tissue culture and
xenograft models demonstrate that EMT, immune infil-
tration, and tumor burden are sensitive to the U2AF1 mu-
tational status, and these effects are consistent with and/
or mediated by changes in IL8.

Finally, we asked whether IL8 is elevated in relapsed/re-
fractory acute myeloid leukemia (RR-AML), where spli-
ceosome mutations are common (Papaemmanuil et al.
2016). We isolated serum from 24 RR-AML patients and
20 age-matched healthy donors. A third of the AML pa-
tients had known spliceosome mutations (U2AF1, n=3;
SRSF2, n=3; and SF3B1, n=2). Levels of 12 cytokines/
growth factors were quantified using a Luminex assay
(Supplemental Table S5). Principal component analysis
(Metsalu and Vilo 2015) revealed that 96% of the variation
in samples could be accounted for by two factors: VEGF
and IL8 (Fig. 7E). Healthy individuals showed high VEGF
and low IL8 levels, while the RR-AML patients showed
low VEGF and high IL8 levels (Fig. 7F). IL8 alone is signifi-
cantly elevated in RR-AML patients compared with
healthy donors (P=0.017, Fig. 7G), and the ratio of IL8/
VEGEF allows superior discrimination (P=0.0007). On
this “axis” of IL§/ VEGF, U2AF1 mutations clusteratan in-
termediate point, where VEGF is decreasing and IL8 is in-
creasing (Fig. 7F). Thus, U2AF1 S34F is not associated
with the highest levels of IL8 in human AML but may func-
tion in a general pathway whereby IL8 begins to condition
the niche which supports proliferation of leukemic blasts.

Discussion

Here we show that U2AFI can function in a noncanonical
role as a translational repressor in the cytosol. This path-
way was revealed by the somatic S34F mutation which oc-
curs in cancer, resulting in translational derepression of
hundreds of mRNA, one of which (IL8) directly contrib-
utes to the oncogenic phenotype. Importantly, the pheno-
types and the translational changes we report are rescued
by frameshifting the mutant allele, arguing for a gain-of-
function dominant-negative effect rather than simple
loss-of-function or lower binding. Critically, we demon-
strate a direct interaction between the U2AF1/2 hetero-
dimer and cytosolic mRNA. We discovered a population
of messages which show binding in the 5-UTR, often
proximal to the start codon, and these messages are also
the ones that show translational changes in the heterozy-
gous mutant cells.

Splicing factor U2AF1 as a translation regulator

The precise mechanism of action remains to be deter-
mined. The transcripts which are translationally up-regu-
lated in wt/S34F cells share two common features,
determined from independent assays: (1) direct interac-
tion of U2AF1/2 with RNA near the start codon by
PAR-CLIP and (2) decrease in binding by native RIP. More-
over, for IL8 we showed that mutation of an AG dinucleo-
tide in the 5'-UTR resulted in loss of binding of U2AF1—
both WT and S34F—and translational up-regulation. Yet,
the position and amplitude difference between WT and
S34F binding by PAR-CLIP are modest (i.e., Fig 5E,F).
Also, the binding motifs in the chromatin-bound fraction
do not show profound differences. It may be that there are
subtle differences in the exact location of binding which
might effect the efficiency of ribosome scanning or trans-
lation initiation. In addition, how U2AF]I finds its targets
or shuttles between the nucleus and cytoplasm is un-
known, but shuttling of U2AF1 and other splicing factors
has been reported previously (Gama-Carvalho et al. 2001,
2006; Park et al. 2017). Likewise, there are reports of a role
for splicing factors in translation mediated by direct inter-
action between SR proteins and the ribosome (Sanford
et al. 2004; Maslon et al. 2014).

U2AF1 selectively targets transcripts that code for the
translation machinery, and the transcripts that show the
greatest derepression in the presence of the S34F mutation
are involved in protein transport. Thus, there is the poten-
tial for both direct and indirect changes to the proteome.
In fact, the substantial change we see in extracellular
IL8 may be due both to direct changes due to decreased
U2AF1 binding to the IL8 5-UTR and also changes in
translation, processing, and trafficking of mature ILS,
which are indirect effects. IL8 is correlated with worse
clinical outcomes in lung cancer (Ryan et al. 2014) and
AML (Schinke et al. 2015) and our data provide a direct
link between U2AF1 mutations and these clinical pheno-
types. Since IL8 also contributes to recruitment of mye-
loid cells that suppress an adaptive immune response
(Alfaro et al. 2016; Dominguez et al. 2017), one prediction
is that cells with U2AF1 mutations or perhaps splicing
factor mutations in general will be refractory to immuno-
therapy unless treated with neutralizing IL8 antibody. Im-
portantly, the S34F mutation in U2AF1 does not lead to a
general induction of senescence or the senescence-as-
sociated secretory phenotype. We detect neither a growth
arrest (Fei et al. 2016) nor B-galactosidase staining in
HBECs under untreated conditions. Although we discov-
ered this pathway through an altered DNA damage re-
sponse, the change in secretion is present before DNA
damage and, in fact, the opposing changes in IL8 and
IL1a are fundamentally different from the normal SASP
response (Lasry and Ben-Neriah 2015). Nevertheless, the
sustained viability after genotoxic stress leads to a popula-
tion of cells which secrete IL8 for >30 d.

Translation initiation is often misregulated in cancer
(Mamane et al. 2006) and the translation machinery is
tightly controlled at the posttranscriptional level through
the mTOR pathway, which is responsive to an array of en-
vironmental conditions (Laplante and Sabatini 2012).
Here, we focus primarily on the cell nonautonomous
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effects of translational misregulation such as enhanced
EMT and immune infiltration mediated by elevated IL8
levels even in the absence of stress. However, we speculate
that the U2AF1 S34F mutation could also function in a
cell-autonomous, progrowth manner in tissue through
this mechanism of translational misregulation. For exam-
ple, although we did not observe a growth advantage for
WT/S34F under normal cell culture conditions, nutrient-
limited or hypoxic conditions in tissue might provide a
clonal growth advantage to cells with the S34F mutation
and the subsequent disruption of translational regulation.
The fact that this mutation is often found with a variant al-
lele frequency near 0.5 suggests either an initiating event
or early progression event resulting in clonal expansion
of the mutant cells (Abelson et al. 2018).

Changes in the translational machinery might be partic-
ularly relevant for myelodysplasia, where splicing factor
mutations are common (Haferlach et al. 2014). Myelodys-
plasia is a disease of differentiation. Acquired somatic
mutations in hematopoietic stem cells result in a hyper-
cellular marrow but ineffective hematopoiesis and cytope-
nia. One form of MDS (5q-MDS) is thought to be causally
related to a deletion of the RPS14 gene, involved in
ribosome biogenesis (Ebert et al. 2008). However, there
are anumber of related inherited bone-marrow failure syn-
dromes such as Diamond-Blackfan Anemia, Shwachman-
Diamond Syndrome, X-linked dyskeratosis congenita, and
cartilage hair hypoplasia that also involve alterations in
the ribosome machinery and are collectively referred to
as “ribosomopathies” (Narla and Ebert 2010). It is un-
known why germ-line alterations in the translational ma-
chinery result in specific hematopoietic defects, but one
hypothesis is that rapidly proliferating hematopoietic pro-
genitors might be particularly reliant on translational
regulation and/or capacity. We speculate that U2AF1 mu-
tations and the associated translational misregulation
might operate in a mechanistically similar way.

Materials and methods

Plasmids, cell lines, and cell cultures

The plasmid expressing the IL8-2A-GFP reporters were construct-
ed by inserting a synthetic DNA fragment coding for wt or mu-
tant IL8-2A-GFP between Notl and Sphl sites of a lentiviral
packaging vector. Transcription from this reporter is driven off
an Ubiquitin promoter. Construction of WT, S34F, and frameshift
HBEC lines has been described previously (Fei et al. 2016). To gen-
erate reporter cell lines, WT or S34F mutant HBEC lines (Fei et al.
2016) were transduced with different titers of lentivirus packaged
with either WT or mt 5-UTR IL8-2A-GFP reporter constructs.
Reporter RNA expression was measured by smFISH using fluo-
rescently labeled probes (Biosearch Technologies) against GFP
and cell populations with similar RNA levels were selected and
expanded for further use. All HBEC lines were cultured in kerati-
nocyte serum-free medium supplemented with bovine pituitary
extract and EGF as prescribed by the manufacturer (Invitrogen)
at 37°C and 5% CO,.

Irradiation and WST-1 assay

WT or S34F mutant cells (1 x 10%/well) were plated in 96-well
plates and grown for 24 h before irradiation with x-rays (20Gy)
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(X-Rad 320, Precision X-Ray) and cultured for 6 d after irradiation.
Cell viability was measured at indicated times using the WST-1
(Roche/Sigma) assay measuring the conversion of tetrazolium
salts to formazan by cellular tetrazolium reductase as per manu-
facturer’s instructions for 1 h at 37°C and 5% CO,.

ELISA

HBECs were plated (1 x 10%/well in a six-well plate and irradiated
with 20 Gy of X-rays. At indicated times, medium was collected,
filtered for cell debris using a 0.22-mm filter, and snap-frozen un-
til ELISA was performed. ELISA was performed in duplicate for
each sample using Quansys Human Cytokine-Inflammation 9-
plex kit (Quansys Biosciences) containing IL1a, IL1B, IL2, IL4,
IL6,IL8, IL10, IFNy, and TNFa. The cytokine and chemokine lev-
els were determined from the standard curve developed with each
experiment using standards provided by the manufacturer. The
anylate levels (picograms per milliliter) are the mean of three in-
dependent experiments with standard deviation.

Immunofluorescence assay, image acquisition and analysis

Cells were seeded at ~30% confluency on 1.5-mm thick round
cover glass in 12-well plates and cultured under normal growth
conditions (5% CO,, 37°C) up to ~80% confluency. Cells were
washed once with PBS and fixed in 4% PFA (made in PBS) for 15
min at 22°C. Cells were then washed thrice with PBS for 10 min
each at 22°C and permeabilized in 0.1% Triton X-100 (in PBS)
for 15 min at 22°C. Cells were washed thrice in PBS, blocked
with 5% normal calf serum (in PBS) for 2 h at 22°C and incubated
in primary antibody diluted in 5% normal calf serum at 4°C over-
night. Cells were washed thrice in PBS and incubated with fluores-
cently labeled secondary antibodies diluted in 5% normal calf
serum for 1 h at 22°C, washed thrice in PBS, then cover-glass
mounted on a glass slide using ProLong Gold with DAPI (Invitro-
gen) and cured overnight at 22°C. The slides were imaged on a cus-
tom-built epifluorescence Rapid Automated Modular Mounting
(RAMM Scope, ASI) base mounted with a Plan-Apochromatic
40X (NA 1.4) objective (Zeiss), illuminated with a LED light
source (Model Spectra-6LCR-SA, Lumencor) and the emitted
fluorescence collected with a CMOS camera (Hamamatsu
ORCA-Flash 4.0). Z-stacks (0.5 nM) were acquired to cover the
entire thickness of the cells and the stacks were sum projected.
Cells or nuclei were segmented and the mean fluorescence inten-
sity calculated using the open source software, CellProfiler 2.1.1
(http://cellprofiler.org). Source and dilutions of primary and
secondary antibodies used for immunofluorescence: IL8 (1:1000;
eBioscience, BMS136), mH2A1.1 (1:1500; Cell Signaling Technol-
ogies, D5F6N), mH2A1.2 (1:1000; EMD Millipore, MABEG1),
NPM1 (1:1000; Abcam, AB10530), IPO7 (1:1000; Invitrogen,
PAS21764), U2AF1 (1:1500; Abcam, AB172614), U2AF2
(1:1000; Santa Cruz Biotechnology, SC53942), TSC2 (1:1000;
ThermoFisher, 37-0500), RUNX1 (1:1000; ThermoFisher, MA5-
15814), TRIM28 (1:1000; ThermoFisher, MA1-2023), fibronectin
(1:1500; Abcam, AB23750), E-cadherin (1:1000; Life Technologies,
131700), antimouse IgG-Alexa 570 (1:2500; Life Technologies,
A11004), and antirabbit IgG-Alexa 670 (1:2500; Life Technologies,
A21244).

Single molecule RNA fluorescence in situ hybridization (sSmRNA FISH)

Cells were plated at ~30% confluency on 1.5-mm thick round
cover glass in 12-well plates and cultured under normal growth
conditions (5% CO,, 37°C) up to ~80% confluency. Cells were
washed once with PBS, fixed in 4% PFA (made in PBS) for 15
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min at 22°C, and smRNA FISH performed using fluorescent
probes directed against IL8§ mRNA or GFP mRNA as described
previously (Palangat and Larson 2016). Cells and nuclei were seg-
mented using CellProfiler 2.1.1, single molecule RNA localiza-
tion in cells and transcripts/cell calculated using software
custom written in IDL (http://www.harrisgeospatial.com/
SoftwareTechnology/IDL) and available at http://www
Jlarsonlab.net.

RNA immunoprecipitation

Cells were grown to ~90% confluency, and 5 x 107 cells were used
for isolating cytoplasmic fraction as described previously (Gag-
non et al. 2014). Briefly, the cells were washed in ice-cold PBS,
suspended (1 mL of buffer/50 mg of cells) in hypotonic lysis buffer
(10 mM Tris-HCI at pH 7.5, 10 mM NaCl, 3 mM MgCl,, 0.1%
NP-40, 10% glycerol) supplemented with protease inhibitors
(Roche-Sigma) and RNASin (Promega) as suggested by the manu-
facturer, and lysed for 10 min on ice. The cell suspension was
centrifuged at 800g for 8 min at 4°C, and the supernatant was col-
lected as cytoplasmic fraction. The cytoplasmic fraction was ad-
justed to 150 mM NaCl by addition of 5 M NaCl and centrifuged
at 18000g for 15 min at 4°C. The supernatant was first precleared
with antirabbit IgG-conjugated Dynabeads (Invitrogen) for 2 h at
4°C, and U2AFI-associated RNA was then immunoprecipitated
from the cytoplasm (overnight at 4°C) with anti-U2AF1 antibod-
ies (Abcam, AB172614). The immunoprecipitate was then ad-
sorbed on antirabbit IgG-conjugated Dynabeads at twofold
excess of secondary antibody bound beads relative to primary an-
tibodies for 2 h at 4°C. The beads were washed four times with
high-salt buffer (50 mM Tris-HCI at pH 7.5, 500 mM NaCl, 4
mM MgCl,, 0.05% NP-40) followed by four washes with low-
salt buffer (50 mM Tris-HCI at pH 7.5, 150 mM NaCl, 4 mM
MgCl,, 0.05% NP-40). The samples were suspended in low-salt
buffer and used for RNA preparation or fractionation on poly-
acrylamide gels for Western blot analysis and probed with indi-
cated antibodies.

Isolation of polysomes

Polysomes were isolated from cells cultured in one 10-cm dish at
~80% confluency as described in Panda et al. (2017). The cells
were incubated in medium containing 10 pg/mL cycloheximide
for 10 min under normal culture conditions, washed with PBS,
trypsinized, washed with ice-cold PBS containing 10 pg/mL cy-
cloheximide, and lysed in lysis buffer (20 mM Tris at pH 7.2,
130 mM KCl, 15 mM MgCl,, 0.5% [v/v] NP-40, 0.2 mg/mL hep-
arin, protease inhibitors (Sigma), RNASin (Promega), 2.5 mM
DTT, 0.5% deoxycholic acid, and 10 pg/mL cycloheximide.
The extract was clarified by centrifugation (8000g for 10 min at
4°C). The clarified lysate was loaded onto two 10%-50% linear
sucrose gradient (10 mM Tris at pH 7.2, 60 mM KCI, 15 mM
MgCl,, 1 mM DTT, 0.5% [v/v] NP-40, 0.1 mg/mL heparin) and
centrifuged (40,000 rpm for 2 h at 4°C) in an SW41 Ti rotor (Beck-
man). UV profiling (254 nm) of ribosomes and fractionation of
polysomes was done using a fractionator (Biocomp Instruments).

RNA isolation and RT-PCR

RNA was isolated from immune complexes using Qiagen RNA
purification kit (Qiagen) as per the manufacturer’s instructions,
and from polysome fractions using phenol:chloroform extraction
followed by ethanol precipitation using standard protocols. One-
hundred nanograms of RNA was reverse transcribed using oligo-
dT primer,5 and Protoscript II (New England Biolabs) as per the
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manufacturer’s instructions. PCR of RIP samples was performed
using iQ SYBR Green Supermix (Bio-Rad) using 1 uL of RT reac-
tion product. Semi-quantitative PCR was performed using 1 pL
of RT reaction product from polysome fractions for 18 cycles.
The reaction products were separated on a 1.5% agarose gel and
quantified using open source software Image] (https://imagej
.nih.gov/ij).

EMT assay

MCEF-7 cells were cultured in MEM supplemented with 5% FBS.
For the EMT assay, MEM medium was replaced with filtered con-
ditioned KSFM media collected from 3-d cultures of either WT or
S34F mutant HBECs and cells cultured for another 6-8 d in con-
ditioned medium, fixed and stained with antibodies against Fibro-
nectin or E-Cadherin as described above.

FACS

Flow cytometric analysis of GFP expression in HBECs was done
using BD FACSCalibur (BDBiosciences). GFP expression from
wt/wt or wt/S34F cells expressing wt- or mt-5'-UTR IL8-2A-GFP
reporter were analyzed using FACS. Cells were trypsinized, neu-
tralized with Trypsin Neutralizing Reagent, and washed with
PBS before FACS analysis. wt/wt cells served as a control for auto-
fluorescence and the reporter cell lines were gated above the
autofluorescence of wt/wt cells (Supplemental Fig. S6). Each ex-
periment counted ~50,000 events for each cell line, and the aver-
age of three independent experiments with SD is presented.

RIP- and polysome-seq and analysis

For each of the three cell lines used for RIP (wt/wt, wt/S34F, and
wt/S34F—), three samples were collected and sequenced: input,
U2AFI1 RIP, and IgG nonspecific IP. RNA was extracted using
TRIzol according to manufacturer’s instructions. TRNA was re-
moved using the NEBNext rRNA Depletion Kit rRNA Removal
Kit (New England Biolabs) followed by cDNA library preparation
(NEBNext Ultra RNA Library Prep kit for [llumina). The samples
were sequenced on the illumina HiSeq 3000 platform. Sequences
were aligned to the human genome version hgl9 using TopHat
(Trapnell et al. 2012). Abundances of transcript-mapped RNA se-
quences were estimated using rnacounter python program. RNA
isolated from individual sucrose gradient fractions were used for
polysome sequencing as described above.

The following steps are used to generate a list of transcripts for
analysis:

1. Only transcripts that show abundance of RPKM > 1 in all sam-
ples (except the IgG nonspecific binding control, where the
RPKM cutoff is 0.05) and both biological replicates are used
for analysis.

2. RPKM values from the two biological replicates are averaged
to generate the data in Extended Data Table 3.

3. For each cell line (wt/wt, wt/s34f, wt/—, and wt/S34F-) the
log, ratio of the IP/input is tabulated, and for the wt/wt cell
line the log, ratio of IP/IgG is also included.

4. For decile analysis, transcripts are ranked either by the differ-
ence in log, ratios between wt/wt and wt/s34f cells or the log,
ratio in wt/wt cells.

The following steps are used to compute individual and com-
posite polysome profiles from the sequencing read count data:
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1. For each sample (wt/wt, wt/s34f, and wt/S34F—), 12 fractions
were collected from the sucrose gradient, and the bottom/
heaviest 10 fractions (Fig. 3A, fractions 3-12) were sequenced.

2. Fractions 10-12 were pooled to increase coverage. Fraction 5
and 6 correspond to the monosome fractions.

3. Reads mapping to particular message are normalized by the to-
tal reads in that sample and multiplied by 1 x 10°, generating
counts per million (CPM) for each transcript in each fraction.

4. The CPM in each fraction constitutes the polysome profile
(poly(x), where “x” designates the sucrose fraction) that is
now normalized for read depth across fractions/samples.

This profile can be further normalized by

a. total area under the profile (i.e. Fig 4A) {poly(x)/[poly(3)
+poly(4)+ - - - poly(10-12]]};
b. the amount in the monomsome fraction (i.e. Fig. 4C) {poly
(x)/[poly(5)+poly(6]]).
5. A single “polysome/monosome ratio” is then the ratio of the
heaviest fraction to the monosome fractions (i.e. Fig. 4D,F)
{poly(10-12)/[poly(5)+poly(6]]}.

Splice-site finding in 5 UTRs

Experimental 5 UTRsreported in ref 40 were analyzed with FIMO
(http://meme-suite.org/tools/fimo). Settings: motif width = 6; in-
put sequences = 6441 sequences between 8 and 3067 bp in length.
The search motif position weight matrix was [0.054 0.655 0.002
0.289], [1.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000], [0.253
0.141 0.493 0.113], [0.241 0.189 0.199 0.371], [0.259 0.236 0.236
0.270].

Stable cell lines expressing wild-type and S34F mutant U2AF1
and PAR-CLIP

To determine the binding of U2AF1I to its specific mRNA targets
in vivo, we created two stable HEK 293 (HEK T-REx Flp-In-293,
Clontech) cell lines that conditionally (doxycycline inducible) ex-
press either wild-type or S34F mutant U2AF1 with an N-terminal
Flag-HA tag. Briefly, pFRT-TO-Flag-HA-U2AF]I plasmid carrying
the ¢cDNA for wild-type U2AF1 was constructed using the gate-
way technology (Invitrogen) as recommended by the manufactur-
er. The S34F mutant U2AF1 was constructed from the wild-type
plasmid by site-directed Quick Change Il mutagenesis kit, Agilent
Technologies). Plasmids were transfected into Flp-In T-REx
HEK293 cells (Invitrogen) together with pOG44 plasmid express-
ing Flp-recombinase (Invitrogen) using Lipofectamine 2000 trans-
fection reagent (Invitrogen). Stable cell lines were selected with 10
pg/mL blasticidin (Gibco) and 100 pg/mL hygromycin B. HEK293
cells stably expressing either the wild-type or S34F mutant U2AF1
(10x 15 cm plates at 70% confluency) were induced with doxycy-
cline for (24 h) followed by incubation with 4S-uridine (100 uM for
16 h at37°C; toisolate chromatin-associated RBPs, the 4S-uridine
incubation was at 200 uM for 8 h) and UV cross-linked (365 nm 400
mJ/cm?). The cells were fractionated into nuclear and cytoplasmic
fractions as described previously (Gagnon et al. 2014) with a few
modifications. Cells were lysed by gentle resuspension in a mod-
ified HLB buffer (10 mM Tris at pH 7.5, 50 mM NaCl, 3 mM
MgCl,, 0.1% NP-40, 10% glycerol) for 2 min. To isolate chroma-
tin-associated RNA-binding proteins, the nuclear pellet was
washed twice with the same buffer and extracted using MWS buff-
er(10mM Tris-HClatpH 7.0,4 mM EDTA, 0.3 M NaCl, 1 M urea,
and 1% [v/v] NP-40). The chromatin pellet was washed twice in
MWS buffer and resuspended in RIPA buffer, followed by sonica-
tion (3 x 10 sec; 60% amplitude on a VCX130 Vibra-Cell Ultrason-
ic Liquid Processor). To isolate the total nuclear fraction, nuclei
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were directly lysed in NP-40 buffer, followed by sonication. Pro-
teins were Immunoprecipitated using the anti-Flag M2 magnetic
beads (Sigma).

PAR-CLIP was performed on the subcellular fractions isolated
above as described previously (Hafner et al. 2010; Benhalevy et al.
2017) with a few modifications. Briefly, after ribonuclease cleav-
age of the unprotected RNA, a 3’-adaptor was ligated with the
complexes associated to beads and were then washed three times
with high-salt wash buffer. To isolate the chromatin-associated
RBPs, the ligated RBP-RNA was separated by SDS-PAGE and
the U2AF1 cross-linked 3'-adaptor ligated footprints were eluted
using proteinase K. To isolate U2AF1/U2AF2-associated RNAs
from the cytoplasmic and nuclear fractions, the ligated footprints
were retrieved directly from the bead-associated U2AF1-U2AF2
complex with proteinase K digestion. The recovered footprints
were further size selected for 19- to 35-nt fragments after electro-
phoresis on urea (8 M) PAG (15%). A 5'-adaptor was then ligated
to the size selected 3'-ligated footprints and reverse transcribed
using SuperScript IV reverse transcriptiase (Invitrogen) as per
the manufacture’s instructions. The library was PCR amplified
and sequenced on an Illumina HiSeq 3000 platform. Sequences
were further processed through PARpipes (https://github.com/
ohlerlab/PARpipe) implementing bowtie for alignment and para-
lyzer for cluster identification (Corcoran et al. 2011). Coverage
plots were made using ngs.plot (Shen et al. 2014).

Mouse experiments

All procedures related to mouse experiments and husbandry were
approved by the Institutional Animal Care and Use Committee at
the National Human Genome Research Institute (NHGRI; proto-
col: G-10-6) and Weill Cornell Medicine (WCM,; protocol: 2015-
017). Mice (six mice treated with IL8 or control IgGs were female;
one of the naive controls was female, and another was male);
NOD background (Taconic #NOG])) were 7-8 wk at the beginning
of the experiment. Xenograft tumors of H441- and HCC78-de-
rived isogenic cells were described previously (Fei et al. 2016).
Briefly, 1 million to 5 million cancer cells were mixed with matri-
gel (Corning) and implanted subcutaneously in 6- to 8-wk-old
nude mice (nu/nu, JAX). Tumors were harvested once they
reached 10% of the body weight or up to 150 d after tumor inoc-
ulation and were fixed in formalin. Tissue sectioning and H&E
staining were done at a paid service at Histoserv. Peri- or intratu-
moral inflammation were quantified by a pathologist.

To evaluate xenograft tumor formation in mouse lung and liv-
er, 1 million isogenic H441 cells (with or without S34F mutation)
were mixed at equal cell number in 100 pL of PBS and were inject-
ed into NOG mice (Taconic) via tail vein. Anti-IL8 and isotype
control IgG1 (R&D Systems) were given to the mice via intraper-
itoneal injection three times a week (Monday, Wednesday, and
Friday) starting 1 d after the tail vein injection for 10 wk. Half
of the mice (n=3) were given the anti-IL8 neutralizing antibody,
and the other half with the control IgG. Three days after the
last antibody treatment, blood was collected from live mice by
submandibular bleeding, and serum levels of human IL8 were
measured by ELISA. Mice were then euthanized by CO,, and
the macroscopic tumor nodules on the lung and liver were
counted.

Human peripheral blood collection and serum isolation

Blood samples from relapsed or refractory acute myeloid leuke-
mia patients and healthy donors were collected following in-
formed consent on one of two IRB-approved NHLBI protocols
(04-H-0012  [https://clinicaltrials.gov/ct2/show/NCT00071045]
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and 07-H-0113 [https://clinicaltrials.gov/ct2/show/NCT00442
195]). RR-AML patient’s average age was 55 (age range: 22-81;
14 males, 10 females) and healthy donor average age was 53 (age
range: 24-84; nine males, 11 females). Serum was extracted
from serum separator tubes (BD) per the manufacturer’s instruc-
tions and stored in aliquots at —80°C.

Luminex assay

The Human XL Cytokine Discovery Premixed Luminex Perfor-
mance Assay Kit (FCSTM18 from R&D Systems) was used to
determine levels of 12 analytes (IL8/CXCL8, IFN-y, IL-10, IL-2,
IL-5, TNF-a, VEGF, IL-6, IL-4, IL-12 p70, IL-18, and GM-CSF) in
the 44 human serum samples. All serum samples were run as
one batch with technical duplicates, blanks, standards, and high
and low controls as per the manufacturer’s instructions. All re-
ported values for protein concentration in picograms per milliliter
were used in the analysis, including those extrapolated beyond the
range of the standards, unless the fluorescence intensity was be-
low that of the blanks. Averaged values were used for samples
run in duplicates.

Computer code and software availability

All open source software and custom written software used in
this study has been referenced in the Materials and Methods
with web links or provided upon request.

Data availability

PAR-CLIP sequencing, ribosome-depleted RNA-seq from poly-
some and monosome fractions, and RIP-seq data are available
on the NCBI Short-Read Archive (SRA) under the Gene Expres-
sion Omnibus accession number GSE126912. Additional data
are available in the Supplemental Material.
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