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Abstract

A major mechanism conferring resistance to mTOR inhibitors is activation of a salvage

pathway stimulating internal ribosome entry site (IRES)-mediated mMRNA translation, driving

the synthesis of proteins promoting resistance of glioblastoma (GBM). Previously, we found

this pathway is stimulated by the requisite IRES-#rans-acting factor (ITAF) hnRNP A1, which
itself is subject to phosphorylation and methylation events regulating cyclin D1 and c-myc IRES
activity. Here we describe the requirement for m8A-modification of IRES RNAs for efficient
translation and resistance to mTOR inhibition. DRACH-motifs within these IRES RNAS upon
mSA modification resulted in enhanced IRES activity via increased hnRNP A1-binding following
mTOR inhibitor exposure. Inhibitor exposure stimulated the expression of méA-methylosome
components resulting in increased activity in GBM. Silencing of METTL3-14 complexes reduced
IRES activity upon inhibitor exposure and sensitized resistant GBM lines. Y THDF3 associates
with m8A-modified cyclin D1 or c-myc IRESs, regulating IRES activity, and mTOR inhibitor
sensitivity /n vitro and in xenograft experiments. Y THDF3 interacted directly with hnRNP Al
and together stimulated hnRNP Al-dependent nucleic acid strand annealing activity. These data
demonstrate that m6A-methylation of IRES RNAs regulate GBM responses to this class of
inhibitors.
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1.

Introduction

The median survival of patients with glioblastoma (GBM) has remained at a dismal twelve
months, for one of the most prevalent and lethal of all central nervous system tumors

[1-3]. The lethality of this neoplasm is due to the difficulties associated with complete
surgical resection and the development of drug resistance [4]. The mutational landscape

of glioblastomas includes expression of constitutively active variants and amplification of
EGFR, as well as, PTEN loss and hyperactivation of the phosphatidylinositol 3-kinase
(PI3K) cascade [1, 5, 6]. These mutations are observed in approximately seventy percent of
GBMs and result in downstream hyperactivation of the mTOR kinase [7]. mTOR exists in
at least two major complexes, mTOR complex 1 and 2 (MTORC1 and 2) and each kinase
complex contains distinct regulatory subunits guiding substrate specificities [8]. The mTOR
kinase complexes regulate protein synthesis, autophagy and metabolism thereby governing
tumor cell growth, drug resistance and survival [9].

First generation allosteric mTOR inhibitors have failed in the clinic for GBM [10]. The
limited efficacy of rapamycin and rapalogs has been demonstrated to be the result of
incomplete mMTORC1 blockade, the inability to inhibit mMTORC2, and the loss of mMTORC1
driven feedback regulatory mechanisms resulting in elevated AKT activity [11-14]. Second
generation mTORC kinase inhibitors targeting both mTORCL1 and 2 have also demonstrated
limited benefits in clinical trials thusfar, as tumors have been shown to acquire resistance
due to mutations in mTOR itself or activating mechanisms which bypass mTOR and induce
cell proliferation [15, 16]. Thus, a complete understanding of the mechanisms leading to
mTOR resistance in glioblastoma is required prior to the rational design of mTOR targeting
therapies.

The complex signaling relationships between the mTORCs and the crosstalk mechanisms
which have been described between the mTOR cascade and other major signaling pathways,
suggest that many mechanisms of mTOR inhibitor resistance exist [4]. Our studies have
demonstrated that both allosteric and direct mTOR kinase inhibitors are able to activate

a transcript-specific protein synthesis salvage pathway capable of maintaining the mRNA
translation of critical cell cycle determinants resulting in resistance to mTOR therapies [16].
Transcript-specific enhancement of translation upon activation of the salvage pathway is
mediated via IRES-dependent protein synthesis and requires the ITAF, hnRNP Al [17].
Recently, we have also described the identification of a small molecule inhibitor of hnRNP
Al which blocks cyclin D1 and c-myc IRES activity and synergizes with mTOR inhibitors
to achieve strong anti-GBM activities [16, 18].

While previously we have shown that specific post-translational symmetrical di-methylation
of arginine residues on hnRNPA1 are critical for its ITAF activity [19], in this report

we describe m®A-modifications required within the cyclin D1 and c-myc IRES RNAs for
efficient IRES-mediated translation in the face of mTOR inhibition. We identified and
characterized DRACH-motifs within these IRESs which were shown to enhance hnRNP
Al-dependent ITAF activity following mTOR blockade. We demonstrate that in response
to mTOR inhibition GBM cells stimulate m6A-methylosome component expression and
activity. Knockdown of METTL3-14 complexes ablated mTOR inhibitor induced IRES
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activity and sensitized resistant GBM cells. Y THDF3 was found to bind to m6A-modified
IRES RNAs and regulate IRES activity and protein synthesis dictating mTOR inhibitor
sensitivity both /n vitroand in GBM xenografts. Additionally, we show that YTHDF3 is a
protein partner of hnRNP Al and cooperatively stimulate nucleic acid strand annealing.

2. Materials and Methods

2.1. Cell Lines, Transfections and Viral Transductions

All GBM cell lines were obtained from ATCC. HEK293 cells were kindly provided

by Norimoto Yanagawa (Department of Medicine, UCLA). The patient-derived HK296
line was generously provided by Dr. Harley Kornblum (Department of Molecular &
Medical Pharmacology, UCLA). Lines were routinely tested to confirm the absence

of mycoplasma and authenticated by STR profiling (ATCC). DNA transfections were
performed using Effectene transfection reagent according to the manufacturer (Qiagen,
Germantown, MD). For siRNA knockdowns, lines were transfected with 10 nmol/L siRNA
pools targeting human hnRNP A1, METTL3-14, YTHDF3 or a non-targeting scrambled
control sequence. ON-TARGETplus siRNAs were obtained from Horizon Discovery
Biosciences and transfected using Lipofectamine RNAimax (ThermoFisher Scientific). Viral
transduction of the dominant-negative hnRNP A1l mutant and YTHDF3 constructs was
performed as previously described [20].

2.2. Constructs and Reagents

The cyclin D1 and c-myc IRES mRNA reporter constructs have been previously described
[21]. The LXSP-NLS-A1-A1 construct expressing the dominant negative hnRNP Al
shuttling mutant was a kind gift from Dr. Danilo Perrotti (Department of Biochemistry

and Molecular Biology, University of Maryland). Site-specific m8A mutagenesis was
performed using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies) with the appropriate mutagenic primers to generate c-myc and cyclin

D1 IRES luciferase reporter constructs. ShRNA constructs (psi-LVRH1P) targeting

human YTHDF3 and a scrambled sequence control were obtained from GeneCopoeia
(#HSH069323). Recombinant YTHDF3 and hnRNP Al was expressed and purified from
HEK?293 cells using anti-glutathione-Sepharose column chromatography as described
previously [20]. Antibodies to the following proteins were used: mouse 1gG (#sc-2025,
Santa Cruz Biotechnology), hnRNP A1 (#ab5832, Abcam), anti-m®A (#E1610, NEB), anti-
HA (#ab9110, Abcam), METTL3 (#96391S, CST), METTL14 (#51104S, CST), METTL3-
14 complex (#29313, Cayman), WTAP (#56501S, CST), FTO (#45980S, CST), ALKBH5
(#703570, ThermoFisher), YTHDF1 (#17479-1-AP, Proteintech), YTHDF2 (#ABE542,
Millipore Sigma), YTHDF3 (#25537-1-AP, Proteintech), YTHDC1 (#A305-096A, Bethyl
Laboratories), YTHDC2 (#35440S, CST), cyclin D1 (#2922, CST), c-myc (#9402, CST),
and actin (#AM4302, ThermoFisher). PP242 and rapamycin were obtained from LC
Laboratories (Woburn, MA). All other reagents were from Sigma-Aldrich.

Cancer Lett. Author manuscript; available in PMC 2024 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Benavides-Serrato et al.

Page 4

2.3. Luciferase Reporter Assays, Proliferation Assays and Measurement of méA
Methylation in Cells

The indicated reporter constructs (200 ng DNA) were transiently transfected into cells.
Subsequently, cells were exposed to the indicated concentrations of PP242 for 24 h after
which extracts prepared and luciferase activity determined as previously described [21].
Luminescence was measured using the Dual-Luciferase Reporter Assay System (Promega).
Cell proliferation was determined using resazurin, XTT, or 3H-thymidine uptake assays

as described [19]. To measure the levels of m8A methylation in cells (me-RIP), 1 ug of
anti-m8A antibody, 20 pg of fragmented cellular RNA and 20 pl of protein-G sepharose
were incubated in buffer containing 100 nM NaCl, 0.1% NP-40, 10 mM Tris-HCI (pH7.4),
1 U/pl RNasin in 200 pl at 4°C for 2 h. Beads were subsequently washed and RNA isolated
and utilized in qRT-PCR analyses.

2.4. In Vitro RNA-Pull Down, Quantitative RT-PCR, Filter Binding Assays, and Polysome

Analysis

RNA-pull down assays were performed as previously described [20]. Briefly, cytoplasmic
lysates were prepared and cleared via centrifugation. 10 ug of /n vitrotranscribed
biotinylated RNA was added to the supernatant and incubated for 1 h at 4°C. Protein

and biotinylated RNA complexes were recovered by the addition of 30 pl of streptavidin-
Sepharose and subsequently washed and subjected to immunoblot analyses. For quantitative
RT-PCR, extraction of RNA was performed using Trizol® reagent (ThermoFisher
Scientific). Total RNA was then quantified and integrity assessed using an Agilent 2100
Bioanalyzer (Agilent Technology). Total RNA was reverse transcribed with random primers
using the iScript™ cDNA synthesis kit from Bio-Rad. SYBR® Green quantitative PCR
(MilliporeSigma) was performed in triplicate in 96-well optical plates on an ABI Prism
7000 Sequence Detection System (ThermoFisher Scientific) according to the manufacturer’s
instructions. Primer sequences are available upon request. For filter binding assays, the
indicated amounts of GST-tagged hnRNP A1 was added to /n vitro transcribed 32P-

labeled RNAs corresponding to either native or those containing a site-specific adenosine
methylation on either cyclin D1 or c-myc sequences. Binding reactions were performed

in a volume of 10 pl in buffer containing 5 mM HEPES (pH 7.6), 30 mM KCI, 2 mM
MgCl,, 200 mM DTT, 4% glycerol and 10 ng yeast tRNA for 10 min at room temperature
[18, 20]. 8 pl of each reaction was applied to nitrocellulose membranes, washed, dried, and
signals quantified using a Phosphorimager. Binding curves were fitted by using SigmaPlot
to determine the apparent dissociation constants. Polysome analysis was performed as
previously described [20]. Briefly, cells were lysed in buffer containing 100 pg/ml of
cycloheximide at 4 °C. Following removal of mitochondria and nuclei, supernatants were
layered onto 10-50% sucrose gradients and centrifuged at 38,000 rpm for 2 h at 4 °C

in a SW40 rotor (Beckman Instruments). Gradients were fractionated into eleven 1 ml
fractions using a density gradient fractionator system (Brandel Instruments). The profiles

of the gradients were monitored at 260 nm, and RNAs from individual fractions pooled

into a nonribosomal/monosomal pool and a polysomal pool. These RNAs (100 ng) were
subsequently used in qRT-PCR analysis for the indicated transcripts using amplicons located
within the coding region.
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2.5. Immunoprecipitations, Immunoblot and In Vitro Methylation Assays

Immunoprecipitations and immunoblots were performed as described [18]. /n7 vitro
methylation reactions were performed by immunoprecipitating METTL3-14 complexes and
used in 50 pl reactions containing 0.1 nM substrate RNA, 1 uCi of 3H-labeled S-adenosyl-L-
methionine, 80 mM KCI, 1.5 mM MgCl,, 0.2 U/ul RNasin, 10 mM DTT, 4% glycerol and
15 mM HEPES (pH 7.9). Unincorporated 3H S-adenosyl-L-methionine was removed using
Qiaquick Spin columns (Qiagen) and incorporated radioactivity was measured by liquid
scintillation counting.

2.6. hnRNP Al in vitro Annealing Assays

Reactions were performed as described previously by Kumar and Wilson [22]. Briefly, a
19-mer oligonucleotide 5’-ACGGCCAGTGCCAAGCTTG-3’ complementary to positions
6280 — 6298 on M13mp18(+) strand DNA was used as template in the annealing reactions.
The oligonucleotide was 5’-end labeled and mixed with equimolar amounts (0.2 nM) of
M13mp18 single-stranded DNA in the presence of native YTHDF3, hnRNP A1l or both
proteins as indicated. Annealing reactions were allowed to proceed at 25 °C for 5 min and
subsequently electrophoresed and the gels exposed to film.

2.7. Xenograft studies

All animal studies were performed in accordance with an approved Institutional Animal
Care and Use Committee protocol. Male SCID mice were injected subcutaneously with
single cell suspensions. Tumor growth was measured daily, and mice were randomized
to PP242 versus vehicle when tumors reached 200 mm3. Treatment was given by
intraperitoneal injection for 5 days and tumor growth was assessed on day 8 or day 12
following initiation of PP242 treatment. 1Cgy was determined by extrapolation of plots of
percent growth inhibition by PP242 versus log concentration.

2.8. Statistical analysis

Statistical analyses were performed using unpaired Student’s ftests and one-way ANOVA
using Systat 13 (Systat Software, Chicago, IL). Pvalues of less then 0.05 were considered
significant. Significance in group comparisons was determined using a one-way analysis of
variance and data generated showed normal distribution with similar variances, and analysis
was completed assuming equal variances.

3. Results

3.1. Relative differential sensitivity and dependence on the ITAF hnRNP Al mediating
resistance of GBM lines and short-term primary cultures to mTOR inhibition.

Our previous studies demonstrated that rapamycin and rapalogs significantly induced IRES-
mediated translation of cyclin D1 and c-myc mRNAs following exposure [16, 20, 21].

The ability of these compounds to induce IRES activity of these two determinants was
sufficient to render cells resistant to rapamycin in an AKT-dependent manner [21]. With

the development of direct mTOR kinase inhibitors we were interested in whether generally
these compounds would induce a similar response in GBM cells. We tested a panel of
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established human GBM lines and patient-derived short term cultures for their relative
sensitivity to the TORKI PP242 and identified 4 established GBM lines and 4 primary
GBM cell cultures which displayed markedly differing sensitivities to the drug (Fig. 1A).
Subsequently we determined whether resistance correlated with induced cyclin D1 and
c-myc IRES activities. As shown in Fig. 1B, PP242 induced a robust cyclin D1 and

c-myc IRES response that directly correlated with TORKI resistance while lines, which
were relatively sensitive, displayed little or no IRES activity. Our previous work had also
identified the ITAF hnRNP A1 as a regulatory factor whose cyclin D1 and c-myc IRES
activating functions were inhibited by a serine 199 phosphorylation via AKT activity [17].
We also noted that irrespective of either harboring active or quiescent AKT, GBM lines
treated with direct mTOR inhibitors displayed similar sensitivities, consistent with the
ability of these compounds to block mTORC2-mediated AKT activation in most cell types.
We subsequently determined whether the ITAF hnRNP Al was required for TORKI-induced
IRES activity and drug resistance. In resistant established (U373MGuppsala)) OF primary
GBM (HK?296) lines siRNA-mediated knockdown (Fig. 1C) or ectopic expression of a
dominant negative shuttling-deficient hnRNP Al mutant resulted in the inability to activate
IRES-mediated translation initiation and conferred PP242 sensitivity to these lines (Figs.
1D-F).

Identification of m8A-modifications in the cyclin D1 and c-myc IRESs which promote
ITAF binding following mTOR inhibitor exposure.

MB-methyladenosine is the most abundant internal modification which occurs
cotranscriptionally in the context of a consensus RRACH/DRACH (D =G, A, or U; R
=GorA; H=A, U, or C) sequence [23]. As recent data suggest that m6A modification

can regulate mRNA translation [24], we were interested if this modification may regulate
IRES activity and mTOR inhibitor resistance. Interrogation of the datasets from two
comprehensive analyses of the human and mouse m6A mRNA methylomes [25] revealed
three and two conserved DRACH motifs within the defined IRESs of the cyclin D1 and
c-myc 5’ UTRs, respectively, which were sites of m8A modification (Fig. 2A). These

m®A modification sites were also in close proximity to sequences containing consensus-
binding motifs for the ITAF, hnRNP A1, which we have previously demonstrated to

bind to the cyclin D1 and c-myc IRES RNAs [20] and were conserved within human

and mouse sequences (Supplementary Fig. S1). We initially qualitatively tested whether
oligonucleotides corresponding to these sequences, in which the adenaosine was methylated,
would display enhanced binding to hnRNP Al /n vitro. As shown in Fig. 2B, both the cyclin
D1 and c-myc hairpin-loops displayed enhanced binding upon methylation of the adenosine
indicated. To obtain quantitative binding data, we performed filter-binding studies which
corroborated the RNA-pull down results. Each hairpin-loop bound increasing amounts

(~ 7-fold average increase) of hnRNP A1 upon m®A modification (Fig. 2C). These data
identify DRACH m8A-modification sites within the cyclin D1 and c-myc IRESs which upon
methylation promote the association of the ITAF, hnRNP Al.

3.3. mSA-modification stimulates IRES activity in mTOR inhibitor resistant cells.

To determine whether the endogenous cyclin D1 or c-myc IRESs displayed altered m6A
levels upon PP242 exposure we performed me-RIP analysis on treated cells and captured
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RNAs quantified by qRT-PCR. As shown in Fig. 3A, PP242-resistant HK296 cells harbored
elevated levels of m®A cyclin D1 and c-myc IRES RNASs relative to untreated cells.

In relatively sensitive T98G cells, no significant increases in m®A-content was observed
following treatment with PP242 in either cyclin D1 or c-myc transcripts. While other
DRACH motifs are present within the cyclin D1 and c-myc transcripts, particularly

within the 3’ UTRs and near the stop codons, we did not detect additional sites of m8A
modification in response to mTOR inhibition in HK296 cells (not shown). We subsequently
determined whether heterologous reporter mMRNAS containing either the cyclin D1 or c-myc
IRES sequences immediately upstream of the luciferase coding region would also display
altered mB6A-content in PP242-resistant versus sensitive cells upon inhibitor exposure. As
shown in Fig. 3B, these monocistronic luciferase reporter mMRNAs displayed increased
mOA-content in PP242-resistant HK296 GBM cells, while in sensitive cells no significant
increase was observed. While these observations suggest elevated m8A modifications within
the cyclin D1 and c-myc IRES RNAs, to determine specifically whether the adenosines

in the hairpin-loops were necessary for IRES activity, we mutated each of the respective
mOA sites to U within the cyclin D1 and c-myc hairpin-loops and determined whether

mBA levels were altered in response to PP242 in resistant cells. Mutation of the m®A sites,
as indicated in Fig. 3C within the 3 c-myc IRES or 2 cyclin D1 hairpin-loops, resulted

in marked reductions in IRES-based reporter mMRNA m®A-content. Mutation of each of

the 3 c-myc hairpin adenosines individually rendered partial reductions in m®A-content,
however a mutant in which all three hairpin adenosines were mutated displayed dramatically
lower levels of m8A-content. Similar effects of mBA site mutation were observed in the
cyclin D1 hairpins. Individual mutation yielded only partial reductions, while mutating both
adenosines markedly reduced m6A-levels. To determine the effects of m6A mutation within
the cyclin D1 and c-myc hairpin loops had on IRES activity, we generated a series of
dicistronic constructs in which the m8A site mutants were introduced within the intragenic
region. As shown in Fig. 3D, PP242-induced IRES activity was reduced in each of the single
mutants however was markedly inhibited in IRESs containing all 3 of the c-myc or both

of the cyclin D1 m8A-mutants. These data demonstrate that c-myc and cyclin D1 IRES
mOA content is differentially induced in mTOR inhibitor resistant cells following exposure.
Furthermore, mutational analysis of the cyclin D1 and c-myc IRES DRACH motifs support
their methylation as a direct requirement for mTOR inhibitor induced IRES activity.

3.4. The METTL3-14/WTAP methyltransferase complex components increase in
expression and methyltransferase activity is stimulated in resistant cells.

To begin to examine the mechanism by which elevated m8A-modifications were observed
within the IRESs in mTOR inhibitor resistant GBM cells following exposure, we determined
whether the core m8A methyltransferase complex was affected by PP242. As m6A
methylation is a dynamic reversible modification we also assessed whether the major m6A
demethylases FTO and ALKBHS5 were affected by mTOR inhibitor exposure in these cells.
As shown in Fig. 4A, in both U373MGyppsala) and HK296 cells, METTL3, METTL14 and
WTAP components are induced following PP242 exposure at both the protein and mRNA
levels. FTO and ALKBHS5 expression was unaffected by PP242 treatment in either cell line.
Induction of METTL3, METTL14 or WTAP expression was not observed in PP242 sensitive
GBM cells and in fact, was markedly reduced (Supplementary Fig. S2). Moreover, METTL3

Cancer Lett. Author manuscript; available in PMC 2024 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Benavides-Serrato et al. Page 8

methyltransferase activity was coordinately stimulated in response to mTOR inhibition in
resistant cells (Fig. 4B).

3.5. Silencing the méA-methylosome inhibits IRES activity and sensitizes mTOR inhibitor
resistant cells.

We next investigated whether the m8A methyltransferases METTL3-14 were required

for induction of IRES activity in mTOR inhibitor resistant GBM cells. Silencing of

the METTL3-14 enzymes via transfection of a pooled METTL3-14 targeting and a non-
targeting scrambled sequence control sSiRNAs (Fig. 5A) resulted in significant inhibition

of PP242-induced cyclin D1 or c-myc IRES activity in U373MGuppsala) (Fig. 5B, left
panel) or in HK296 (Fig. 5B, right panel). Moreover, the mRNA translational states

of the IRES-containing cyclin D1 and c-myc transcripts were determined in polysome
analyses following METTL3-14 knockdown. As shown in Supplementary Figure S3, PP242
exposure in control non-targeting siRNA treated cells, induced a marked shift in cyclin D1
and c-myc mRNAs from relatively poorly translated nonribosomal/monosomal fractions to
well translated polysomal fractions in these resistant lines. However, following knockdown
of METTL3-14, this increase in the translational efficiencies of these transcripts was not
observed in response to PP242 consistent with the inhibition of IRES activity. Depletion

of METTL3-14 following 48 h post-transfection with METTL3-14 siRNAs additionally
resulted in the sensitization of MTOR inhibitor resistant GBM lines to PP242 (Fig. 5C;

see also Fig. 1A). These data demonstrate that RNAi-mediated knockdown of METTL3-14
proteins results in abrogation of MTOR inhibitor-induced IRES activity and acquired PP242
sensitivity of resistant GBM cells.

3.6. YTHDF3 is essential for mTOR inhibitor induced IRES activity.

The m8A binding proteins (YTH domain family proteins) recognize m6A-modified mMRNAs
and regulate their stability and translational efficiency [26, 27]. Of the YTH family of
proteins, the YTHDC2 protein is the only member containing an RNA helicase domain
and is known to affect translation by resolving structural constrains of translating mMRNAs,
thus positioning YTHDC?2 as a candidate [28]. Contrary to our expectations, we tested

all known members of the YTH-domain family for binding to each of the DRACH

motifs identified within the c-myc or cyclin D1 IRESs. As shown in Fig. 6A each of

the three DRACH motifs identified within the c-myc IRES bound to only YTHDF3 in a
PP242-dependent manner in U373MGyppsala) OF HK296 cells. Similarly, the two DRACH
motifs identified in the cyclin D1 IRES sequences were found to associate specifically
with YTHDF3 following PP242 treatment of U373MG yppsala) Or HK296 GBM cells. We
also examined whether YTHDF3 expression was induced by PP242 in GBM lines and as
shown in Fig. 6C, YTHDF3 expression was markedly upregulated by PP242. As shown in
Fig. 6D, siRNA-mediated knockdown of YTHDF3 resulted in marked sensitivity of mTOR
inhibitor resistant GBM lines and significantly reduced IRES activity (Fig. 6E) as well as
cyclin D1 and c-myc protein levels (Supplementary Figure S4) in U373MGyppsala) and
HK296 cells. To determine whether knockdown of YTHDF3 also affected the sensitivity
of U373(uppsala) cells to PP242 in murine xenografts we generated cells stably expressing
two distinct ShRNAs targeting YTHDF3 (shY THDF3-1, shYTHDF3-2). PP242-induced
YTHDF3 expression was markedly reduced in these cells (Supplementary Fig. 5A). Mice
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were injected with U373MGuppsala) EXPressing either vector, a non-targeting scrambled
sequence shRNA, or cells expressing one of two YTHDF3-targeting sShRNAs. Upon tumors
reaching a mean volume of 200 mm3, all the mice were given PP242 (vehicle, 0.1, 4 and

10 mg/kg/d) each day for five consecutive days, and at 8 and 12 days following initiation

of treatment tumor growth was assessed. As shown in Supplementary Fig. 5B, PP242
inhibited the growth of all cell lines in a dose dependent fashion. However, xenografted
U373MGuppsala) tumors expressing either shY THDF3-targeting shRNAs were significantly
more sensitive to PP242 as compared to tumors transduced with vector only or control
scrambled non-targeting sShRNA. We also determined m8A cyclin D1 and c-myc IRES

RNA and protein levels in harvested tumors. While the relative m8A levels increased in

a dose-dependent manner following PP242 treatment in all the tumors (Supplementary
Figure S5C), protein levels of cyclin D1 and c-myc increased in control and nontargeting
shRNA expressing tumors and decreased or were undetectable in tumors expressing either of
the two YTHDF3-targeting ShRNAs (Supplementary Figure S5D). These data demonstrate
that YTHDF3 specifically associates with the DRACH motifs from the c-myc and cyclin

D1 IRESs and its expression is induced following mTOR inhibitor treatment. Moreover,
YTHDF3 is required for IRES activity and depletion of this YTH family member sensitizes
mTOR inhibitor resistant cells /n vitro and in xenograft experiments.

3.7. YTHDF3 interacts with hnRNP A1l and stimulates hnRNP Al-induced RNA strand
induced annealing activity.

The requirement for YTHDF3 for mTOR inhibitor-induced IRES activity and previous
data demonstrating that the ITAF hnRNP A1 can associate with m8A modified

RNA [29], suggested to us that these two RNA-binding proteins may cooperatively
regulate IRES activity. To address this possibility we determined whether hnRNP

Al and YTHDF3 were interacting proteins, as several examples of cooperative

regulation involve distinct interacting RNA-binding proteins [30]. As shown in Fig.

7A, in coimmunoprecipitation experiments of endogenous YTHDF3 and hnRNP Al,
YTHDF3 efficiently coimmunoprecipitated hnRNP A1 (left panel) and in the reciprocal
coimmunoprecipitation hnRNP A1 bound YTHDF3 (right panel). Our previous studies
supported a role for hnRNP A1l in promoting strong annealing activity [17] and a critical
function of this property may be to provide required structural elements which favor the
formation of a competent IRES conformation capable of ribosome recruitment. As shown
in Fig. 7B, recombinant YTHDF3 alone did not display annealing activity, while native
hnRNP Al promoted reannealing of a single-stranded M13 mp18 plus strand DNA and

a complementary 19-mer oligonucleotide in an /7 vitro annealing assay. The addition of
YTHDF3 to the annealing reaction markedly stimulated hnRNP Al-mediated reannealing
and formation of annealed product. These data demonstrate that endogenous YTHDF3 and
hnRNP A1 are interacting proteins and that YTHDF3 stimulates the annealing properties of
the ITAF hnRNP Al

4. Discussion

Several oncogenic signaling cascades are known to be altered in GBM contributing to
the overall pathogenesis of the disease. mMTOR has emerged as a promising therapeutic

Cancer Lett. Author manuscript; available in PMC 2024 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Benavides-Serrato et al. Page 10

target, however pharmacological inhibitors thusfar have yielded disappointing results in
clinical trials. GBM heterogeneity, imperfect pharmacology of current inhibitors, and
intrinsic, as well as, acquired drug resistance mechanisms have contributed to the poor
performance of these drugs to date. Our previous studies have implicated a protein
synthesis salvage pathway which is activated upon mTOR inhibition that directs the specific
mRNA translation of critical transcripts resulting in drug resistance [16]. Our earlier
studies demonstrated that the requisite ITAF, hnRNP Al was preferentially symmetrically
di-methylated on arginines 218 and 225 in the face of mTOR inhibition via induction of
PRMTS5 activity [19]. Here we have identified specific m8A methylation sites within the
cyclin D1 and c-myc IRES RNAs which are required to be modified in order to stimulate
hnRNP Al-mediated IRES activity leading to drug resistance. Our analysis demonstrates
that the m6A-methylosome components METTL3-14 and WTAP are induced following
PP242 exposure resulting in methylation of the cyclin D1 and c-myc IRESs. This post-
transcriptional modification results in enhanced binding of the ITAF hnRNP A1l leading to
elevated IRES activity and protein synthesis.

The mBA modification is the most abundant internal post-transcriptional modification

to mRNA [24]. Through the actions of methyltransferases, demethylases and methyl-
binding proteins, these modifications are dynamic and reversible and can affect mRNA
metabolic processes such as splicing, localization, stability and translation [29]. While mSA
modifications have been shown to promote IRES-mediated translation initiation in circular
RNAs [31], to our knowledge, our study is the first to demonstrate stimulation of IRES
activity in cellular mRNAs. m8A modifications have been demonstrated to stimulate elF3
mediated translation initiation in MRNAS, however this was shown to occur under default
conditions of normal elF-4F dependent translation initiation [32]. Our data also support the
ability of specific m6A-modifications to direct IRES-mediated translation under conditions
of impaired cap-dependent translation initiation following mTOR inhibition.

We found that following treatment of GBM cell lines and PDX cultures with PP242,
expression of the m®A-methylation machinery was significantly increased with a
concomitant stimulation of m6A methylation activity. This is in contrast to a recent report
of mMTORC1 activating m6A RNA methylation via effects on WTAP expression [33]. One
potential explanation for this difference may involve the utilization of lines in our study that
are resistant to mTOR inhibition and possibly harboring additional genetic alterations which
may uncouple m8A-methylosome component expression from mTORCT activity. In fact,
PP242 sensitive GBM lines (T98G and LN229) exhibited a reduction in m6A-methylosome
component expression following inhibitor exposure (see Supplementary Fig. 2). Moreover,
we did not observe an increase in m8A content of either the cyclin D1 or c-myc IRES
reporters introduced into T98G cells following PP242 treatment (Fig. 3B). Future efforts
will focus on elucidating the mechanism mediating this differential response.

We identified the YTH-domain containing protein YTHDF3 as preferentially associating
with m8A-modified cyclin D1 and c-myc IRES RNA following mTOR inhibitor exposure.
The fate and function of m6A-modified transcripts are mediated through “reader” proteins
including the YTH family proteins affecting mRNA translation among other properties.
Numerous studies have reported that YTHDF3 promotes the translational efficiency of its
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target mMRNAs and is dependent on m8A recognition [34, 35]. Autoregulation of Y THDF3
via cap-independent translation requiring m8A modifications within its own 5’ UTR has
also been described [36]. Our data clearly support a role for YTHDF3 in stimulating
IRES-dependent translation. Additionally, we observed a direct interaction of endogenous
YTHDF3 with the ITAF hnRNP Al which in combination, stimulated the /n vitronucleic
acid annealing activity of hnRNP Al. This property has been proposed to facilitate the
formation of a competent IRES structure capable of 40S ribosomal subunit recruitment
[17, 37, 38]. Cooperative RNA-binding protein interactions which affect translational
control have been previously observed. A complex consisting of hnRNP A0, hnRNP

A2, and ELAV1 associates with the 5 UTR of the ANXAZ2R transcript to regulate its
translational efficiency [39]. Similarly, the DEAD-box helicase DDX3X and Calprin-1
form a complex and associate with structured mRNA leaders to control translation through
PABP1 promoting cell spreading and motility in fibroblasts [40]. m®A-modifications have
been demonstrated to behave as RNA structural switches regulating how RBPs gain access
to their specific binding motifs [41]. It is likely that the m8A methylations observed

within the IRESs of the cyclin D1 and c-myc following mTOR inhibitor exposure regulate
YTHDF3/hnRNP Al complex binding and subsequent ITAF activity.

Taken together with our previous findings, our data suggest that mTOR inhibitor-induced
IRES activity is a dynamic and complex process involving both IRES RNA and ITAF
modifications to stimulate IRES-dependent protein synthesis resulting in mTOR inhibitor
resistance. Impinging on this process we have identified méA-modification of IRES-
containing RNAs, as well as, both arginine methylation and site-specific phosphorylation of
hnRNP A1 as contributory to this regulation [19, 20]. Akin to the regulation of transcription
by DNA methylation and histone methylation/acetylation modifications, in which crosstalk
mechanisms have been found to govern gene expression at this level, it is possible that
IRES-mediated translation initiation is subject to similar controls and crosstalk regulatory
mechanisms [42]. Understanding these relationships will be necessary in order to design
effective cotherapies to overcome mTOR inhibitor resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IRES internal ribosome entry site

ITAF IRES-frans-acting factor

TORKI TOR kinase inhibitor

hnRNP Al heterogeneous nuclear ribonucleoprotein Al

moA AB-methyladenosine

mTOR mechanistic target of rapamycin kinase

METTL3 MB-adenosine-methyltransferase catalytic subunit
METTL14 AB-adenosine-methyltransferase non-catalytic subunit
WTAP Wilms’ tumor 1-associating protein

FTO Fat mass and obesity-associated protein

ALKBH5 AlkB homolog H5

YTHDF3 YTH AB-Methyladenosine RNA Binding Protein 3
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Fig. 1.

Differential sensitivity and dependence on the ITAF hnRNP Al mediating resistance of
GBM lines and short-term primary cultures to PP242. (A) Dose-response curves of the
indicated lines following 48 h exposure to PP242. ICs for resistant cells ranged from

10 — 4.5 uM, while those for sensitive cells ranged from 7 — 12 nM. Proliferation was
measured using resazurin. 1Csq’s as determined via 3H-thymidine uptake assays for each
cell line treated with a range of PP242 concentrations are shown to the right of the graph.
Mean =+ S.D. are shown, n = 3. (B) Relative cyclin D1 and c-myc IRES activities of the
indicated GBM lines following 48 h exposure to PP242. Relative fold change in IRES
activity derived from dicistronic IRES mRNA reporter assays [20], in which plasmids
containing the respective IRES sequences drive IRES dependent translation of Firefly
luciferase is shown compared with luciferase activities obtained in the absence of PP242.
(C) The ITAF hnRNP Al is required for PP242-induced IRES activity and drug resistance.
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siRNA-mediated knockdown of hnRNP Al in U373MGyppsala) and primary HK296 cells.
Cells were transiently transfected with siRNAs targeting hnRNP Al or a nontargeting
scrambled (scr) sequence and exposed to PP242 for 24 h and immunoblotted for the
indicated proteins. (D) Effects of hnRNP Al knockdown on PP242-induced IRES activity.
U373MGuppsala) (179t panel) or HK296 (/eft panel) were transiently transfected with the
indicated siRNAs and IRES mRNA reporters and treated with PP242 as shown. Relative fold
change in Firefly luciferase activity is shown in the presence of PP242 compared with values
obtained in its absence. Mean + S.D. are shown, n = 3. (E) Effects of a dominant-negative
shuttling-deficient hnRNP A1 mutant on PP242-induced IRES activity in stably transduced
HIK296 (/eft panel) and U373MGyppsala) (779/1 panel) cells. The mean and + S.D. are
shown for three independent experiments. (F) Ectopic expression of the dominant-negative
hnRNP A1 shuttling-deficient mutant confers sensitivity to PP242. The indicated cells stably
transduced with the hnRNP Al mutant was treated with a range of concentrations for 48 h
and subsequently proliferation was determined using resazurin. Mean £ S.D. are shown, n =
3.
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Fig. 2.

Site-specific m8A modification of the cyclin D1 and c-myc IRESs increases hnRNP A1l
binding. (A) Schematic of MRNAs, sequences and predicted hairpin structures within the
cyclin D1 and c-myc IRESs as indicated. The c-myc IRES harbors three, while the cyclin
D1 harbors two well conserved structural motifs containing DRACH (c-myc, blue; cyclin
D1 green) sequences as shown. (B) RNA-pull down assays demonstrating that hnRNP Al
preferentially binds m®A methylated cyclin D1 or c-myc IRES RNAs. Biotin conjugated
oligonucleotides containing a m®A modification at the appropriate adenosine within the
indicated DRACH motifs were used in binding reactions of U373MGyppsala) Cell lysates
and immunoprecipitated using streptavidin coated beads. Immunoprecipitates and input
lysates were immunoblotted for hnRNP Al as indicated. (C) Filter-binding assays showing
that m8A modification increases hnRNP A1 binding of the indicated hairpin-loop DRACH
containing motifs from the cyclin D1 or c-myc IRESs. The respective dissociation constants
(Kd) are indicated in the right panel. Data are mean + S.D.; n = 3.
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Fig. 3.

C)?clin D1 and c-myc IRES m®A content is elevated in mTOR inhibitor resistant GBM

cells following exposure. (A) Cyclin D1 and c-myc IRES m®A content in HK296

(PP242 resistant) and T98G (PP242 sensitive) cells following exposure to PP242 (100

nM, 4 h). RNAs were extracted from treated cells and immunoprecipitated using a.-m%A
antibodies. m6A-RNA levels were subsequently determined via gRT-PCR. PCR reactions
were performed in quadruplicate and mean + S.D. is shown. P-values are indicated. (B) As
in (A) except the indicated cell lines were transfected with either a monocistronic cyclin
D1-IRES-luciferase or c-myc-IRES-luciferase mRNA reporter. (C) Relative fold change in
mOA-content of the indicated native and mutant IRES RNAs in U373MGyppsala) Cells in the
presence versus absence of PP242 (100 nM, 4h). Mean + S.D. are shown; n = 3. (D) Relative
IRES activities of the native cyclin D1 and c-myc IRESs as compared to the indicated
hairpin-loop mutants. Relative fold change in IRES activity is shown in the presence versus
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absence of PP242 treatment in U373MGyppsala) cells (100 nM, 4 h). Mean + S.D. are
shown; n = 3.
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[ cyclin D1 [] c-MYC

- - ++ -- + + PP242 (100 nM)
U373MG HK296
(Uppsala)

METTL3-14/WTAP methyltransferase complex expression and activity following mTOR
inhibitor exposure in GBM. (A) METTL3, METTL14, WTAP, FTO, ALKBHS5 and actin
expression following PP242 exposure (100 nM, 18 h) in U373MGyppsala) and HK296 cells,
left panel. Relative mRNA levels of METTL3, METTL14 and WTAP as determined by
qrt-PCR following treatment of U373MGyppsala) Cells with rapamycin (rapa) (100 nM, 18
h) or PP242 (100 nM, 18 h) as indicated, Mean + S.D., n = 4, right panel. (B) In vitro
METTL3-14 activity of the indicated cells following exposure to PP242 as indicated (18 h).
c-myc 294 A/A or cyclin D1 73 A/A RNAs were used as substrates in /n vitro methylation

reactions containing 3H-labeled SAM-e. Mean + S.D., n = 3.
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Fig. 5.
Silencing the m6A-methylosome blocks IRES activity and leads to mTOR inhibitor

sensitivity of resistant GBM tumor cells. (A) RNAi-mediated knockdown of METTL3-14
following transfection of U373MGyppsala) Or HK296 cells with pooled siRNAs targeting
both METTL3 and METTL14 or a non-targeting scrambled control sequence as shown.
Lysates were immunoblotted for the indicated proteins. (B) Cyclin D1 or c-myc IRES
activity in U373MGuppsala) (/61 panel) or HK296 (right panel) following knockdown of
METTL3-14 and treatment with PP242. Activity is displayed as relative Firefly/Renilla
luciferase activity from a dicistronic mRNA reporter. Luciferase activity was normalized to
the luciferase mMRNA level. * P-values are shown. Mean + S.D.; n = 3. (C) Knockdown of
METTL3-14 sensitizes PP242-resistant GBM cells. ATP-release assays (Promega CellTiter-
Glo® assay) were used to quantify proliferation and displayed as percent of vehicle alone
control treatments. * A~values are shown. Mean + S.D. are shown; n = 3.
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Fig. 6.

YTHDF3 specifically interacts with DRACH RNA maotifs in cyclin D1 and c-myc IRESs
to regulate IRES activity and mTOR inhibitor sensitivity. (A) Screening of YTH domain
family proteins binding to the c-myc DRACH RNA motifs (motifs 1-3, see fig. 2A) in
U373MG uppsala) O HK296 GBM cells in the absence or presence of PP242 as indicated
(100 nM, 18 h). The indicated proteins were immunoprecipitated from lysates and bound
RNAs were amplified using primers specific for the hairpin sequences. + S.D., n = 4.

(B) as in (A) except binding to the two CCND1 DRACH RNA motifs (motifs 1-2, see

fig. 2A) were assessed. (C) Induction of YTHDF3 protein expression following PP242
exposure (100 nM, 18 h) in the indicated lines. (D) siRNA mediated knockdown of
YTHDF3 sensitizes PP242 resistant GBM lines to PP242 (100 nM, 48 h). ATP-release
assays were performed (Promega CellTiter-Glo® assay) and cell proliferation determined as
a percentage of control vehicle treated cells +S.D.; n = 3. (E) siRNA mediated knockdown

Cancer Lett. Author manuscript; available in PMC 2024 January 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Benavides-Serrato et al. Page 23

of YTHDF3 inhibits PP242 induced IRES activity. U373MGuppsala) O HK296 cells were
transfected with the indicated non-targeting control (scrambled sequence; shscr) or two
individual (siYTHDF3-1 or —2) YTHDF3 targeting siRNAs and IRES activity determined
from CCND1 or c-MYC dicistronic mRNA reporters in the absence or presence of PP242 as
indicated. Luciferase activity was normalized to the luciferase mMRNA level. * P-values are
shown. Mean + S.D., n = 3.
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hnRNP Al and YTHDF3 interact and hnRNP Al-induced nucleic acid annealing activity is
stimulated by YTHDF3. (A) Extracts from U373MGuppsala) Cells were immunoprecipitated
with nonspecific 1gG (control) or antibody against YTHDF3 (/eft panel) or hnRNP Al
(right panel) and immunoprecipitates immunoblotted for the indicated proteins. Input lysates
were probed for the indicated proteins as shown. (B) Recombinant YTHDF3 or hnRNP Al
was purified and analyzed for reannealing activity. 1 pmol of each protein was used in the
annealing reactions and the migration positions of the indicated species are displayed.
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