OCoONOULLE, WN B

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621399; this version posted November 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Metabolic regulation of RNA methylation by the m°A-reader IGF2BP3

Gunjan Sharma', Martin Gutierrez?, Anthony E Jones®, Amit Kumar Jaiswal', Zachary T Neeb?,
Amy Rios®, Michelle L Thaxton!, Tasha L Lin*, Tiffany M Tran'*, Lyna E S Kabbani?, Alexander
J Ritter?, Linsey Stiles®®, Johanna ten Hoeve®®, Ajit S Divakaruni®, Jeremy R Sanford®®, Dinesh S
Rao! 10

!Department of Pathology and Laboratory Medicine, University of California, Los Angeles, Los
Angeles, CA

’Department of Molecular, Cell and Developmental Biology and Center for Molecular Biology of
RNA, University of California Santa Cruz, Santa Cruz, CA

’Department of Molecular and Medical Pharmacology, University of California, Los Angeles, Los
Angeles, CA, United States

*Division of Hematology and Oncology, Department of Medicine, University of California, Los
Angeles, Los Angeles, CA

’Department of Medicine, University of California, Los Angeles, Los Angeles, CA, United States
SUCLA Metabolomics Center, University of California, Los Angeles, CA, 90095, USA

8Center for Biomolecular Science & Engineering, University of California Santa Cruz, Santa Cruz,
CA

?Jonsson Comprehensive Cancer Center, University of California, Los Angeles, Los Angeles, CA
""Broad Stem Cell Research Center, University of California, Los Angeles, Los Angeles, CA

Corresponding Author:

Dinesh S. Rao, M.D., Ph.D.,

Professor

Department of Pathology and Laboratory Medicine
David Geffen School of Medicine at UCLA

650 Charles E Young Drive, 12-272 Factor

Los Angeles, CA 90095

Tel. 310-825-1675

Email drao@mednet.ucla.edu



mailto:drao@mednet.ucla.edu
https://doi.org/10.1101/2024.10.31.621399
http://creativecommons.org/licenses/by-nc-nd/4.0/

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621399; this version posted November 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

The interplay of RNA modifications — deposited by “writers”, removed by “erasers” and identified
by RNA binding proteins known as “readers” — forms the basis of the epitranscriptomic gene
regulation hypothesis. Recent studies have identified the oncofetal RNA-binding protein
IGF2BP3 as a “reader” of the N6-methyladenosine (m®A) modification and crucial for regulating
gene expression. Yet, how its function as a reader overlaps with its critical oncogenic function in
leukemia remains an open question. Here, we report the novel finding that the reader IGF2BP3
reprograms cellular metabolism, resulting in an altered ability of the “writers” to modify the
epitranscriptome. In leukemia cells, IGF2BP3 supports increased glycolytic flux and one-carbon
metabolism, leading to increased production of S-adenosyl methionine (SAM), a key substrate for
methylation reactions within the cell. IGF2BP3 directly regulates the translation of MAT2B, the
regulatory subunit of the methionine-adenosyltransferase complex, which is the final enzyme in a
pathway leading to SAM production. This, in turn, results in increased m®A modifications on
RNA, resulting in positive feedback regulation. This novel mechanism illustrates how metabolism
mutually acts with epitranscriptomic modifications, underscoring the pervasive impact of

IGF2BP3 in gene regulatory mechanisms governing a broad range of cancer-specific processes.
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INTRODUCTION

Methylation, the addition of a methyl group (CHs) to DNA, RNA, or proteins, has broad and
important effects on gene expression, protein function, and cellular signaling. Although the
existence of the N6-methyladenosine (m®A) RNA modification has been known since 1974, more
recent work has revealed key regulatory roles for this RNA modification'. The discovery of RNA
methylases, followed by the identification of RNA demethylases and methylation-sensitive RNA
binding proteins, referred to as writers, erasers and readers, forms the basis of the epitranscriptome
hypothesis, which posits that RNA modification contributes to gene expression regulation®. One
of the most striking features of m®A methylation is its predominant localization within 3' UTRs
near the stop codon™S. This localization of m°A modifications, overlapping with RNA-binding
proteins (RBPs) and microRNA binding sites may underlie its reported function in a host of RNA

homeostatic processes’.

Insulin-like Growth Factor 2 mRNA Binding Protein 3 (IGF2BP3) is an oncofetal RBP which
regulates mRNA localization, stability, and translation®. The recent discovery that IGF2BP3 is an
m®A reader is consistent with its binding preference for 3’UTRs. IGF2BP3 regulates mRNA
targets enriched for genes important in various aspects of oncogenesis and differentiation’!2. Prior
work from our group and others established IGF2BP3 as a critical regulator of leukemogenesis in
MLL-translocated B-acute lymphoblastic leukemia!®!!. Recently, IGF2BP3 has also been shown
to regulate lipid and other metabolic pathways in epithelial cancer cells'*!*. In this rapidly
progressing field, IGF2BP3 is thought to regulate the stability of a number of coding and non-
coding RNAs, which then directly or indirectly impact enzymes regulating various metabolic

pathways.
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78

79  The generation of RNA methylation is dependent on the presence of S-adenosyl methionine
80 (SAM), which is the key methyl donor for most cellular methylation reactions. The one-carbon
81 metabolism (OCM) pathway plays a crucial role in generating methyl donors required for DNA
82  synthesis and DNA/RNA methylation reactions!®, in addition to other critical cancer-specific
83  processes. Dysregulation of OCM has been implicated in various cancers, including leukemia, and
84  has emerged as an important regulator of leukemic stem cell (LSC) function'®!®. Glycine and
85  serine, two key OCM metabolites, are known to play a key role in oncogenesis!>*’. In T-cell acute
86  lymphoblastic leukemia, serine hydroxy methyltransferases (SHMT1/2) were discovered to have

87  vulnerabilities and a valuable drug target?!

. Together, these findings point towards an intriguing,
88 yet not fully understood, role between OCM, cancer, and the availability of substrates for cellular
89  methylation reactions.

90

91 In our efforts to understand the effects of IGF2BP3 on leukemia cell metabolism, we uncovered
92  animpact on glycolysis and OCM. Metabolic profiling analyses revealed a deficit in the glycolytic
93  metabolites pyruvate and lactate as well as those linked to one-carbon metabolism including serine,
94  glycine, S-adenosylmethionine (SAM), and cystathionine. By adopting a combined high through-
95  put analysis approach using RNA binding data from enhanced cross-linking immunoprecipitation
96 (eCLIP) with IGF2BP3 and the metabolomics data, we identified several direct targets of IGF2BP3
97 in the Glycine-Serine cycle and the Methyl/Folate cycle. Targeted western blot analysis showed
98 that IGF2BP3-deficient cells had reduced levels of several metabolic regulators, including

99 MAT2A and MAT2B, the rate-limiting enzyme in the production of SAM. Critically, we found

100  that IGF2BP3 depletion consistently led to decreased overall m®A modifications in a range of cell


https://doi.org/10.1101/2024.10.31.621399
http://creativecommons.org/licenses/by-nc-nd/4.0/

101

102

103

104

105

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621399; this version posted November 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

lines and systems, including genetic knockout and small molecule inhibition, while exogenous
expression of IGF2BP3 rescued the metabolic-epitranscriptomic phenotype. Our work uncovers
the unexpected phenomenon of how an m®A reader, IGF2BP3, modulates its affinity to its target
mRNAs by driving changes in RNA methylation, thereby generating a pervasive shift in gene

expression, and maintaining a cancerous phenotype.
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106 RESULTS

107 IGF2BP3 promotes glycolysis in leukemic cells.

108  Given prior reports of IGF2BP family proteins impacting metabolism?? and our observations of an
109  important role of IGF2BP3 in acute leukemia, we undertook metabolic profiling experiments to
110  understand the role of this protein in regulating cancer cell metabolism. Seahorse XF analysis
111  showed that the depletion of IGF2BP3 decreased cellular lactate efflux, as calculated from
112  standard Seahorse XF parameters®®, using independent CRISPR/Cas9 strategies in SEM cells'?
113  (Figs. 1A-B, 1C left). Reductions in the lactate efflux rate were also seen in both NALMG6 cells as
114  well as in murine bone marrow cells transduced with MLL-Af4 depleted of IGF2BP3 (Fig. 1C,
115  center and right). For an orthogonal measurement of glycolysis to confirm our findings, we
116  conducted gas chromatography/mass spectrometric (GC/MS) analysis. Consistent with previous
117  findings, we observed a reduction in steady-state levels of pyruvate and lactate (Fig. 1D and 1E),
118  as well as reduced enrichment from uniformly labelled *Cs glucose into these metabolites (Fig.
119 1E). To discriminate between a specific, targeted reduction in glycolytic flux or a global decrease
120  in cellular energy demand and metabolic rate, we conducted respirometry and stable isotope
121  tracing to identify potential changes in oxidative phosphorylation and mitochondrial function.
122 Importantly, we did not observe reproducible changes in any oxygen consumption rate (OCR)
123  parameters or enrichment from uniformly labelled *Cs-glucose or '*Cs-glutamine into the TCA
124 cycle, and steady-state abundances of TCA cycle intermediates were mostly unchanged (Suppl.
125  Fig. 1). Altogether, our initial characterization of metabolism in Fig. 1 indicates that IGF2BP3
126  uniquely supports glycolytic flux without an appreciable effect on oxidative phosphorylation.

127
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128 IGF2BP3 supports one-carbon metabolism and the generation of S-adenosyl-methionine
129 (SAM).

130  Given our initial findings of alterations in glycolytic metabolism in IGF2BP3-depleted cells, we
131  undertook a liquid chromatography/mass spectrometric (LC/MS) analysis of metabolites in SEM
132 cells to more thoroughly characterize changes in glycolysis-linked pathways beyond the
133  information available from Seahorse XF and GC/MS analysis. These LC/MS studies revealed
134  twenty-nine metabolites of central carbon metabolism that showed statistically significant changes
135 in at least one of the two CRISPR knockout lines that were queried (Fig. 2A) (Supp. Table 1).
136  Looking at the metabolites noted to be altered by both GC/MS and LC/MS, we found reductions
137  in glycolytic metabolites (lactate and fructose-1,6-bisphosphate) (Suppl. Fig. 2A-B) as well as
138  metabolites in the one-carbon and sulfur-containing amino acid pathways such as serine (Fig. 2C),
139 glycine (Fig. 2E), glutathione (Fig. 2I) and cystathionine (Suppl. Fig. 2C). Furthermore,
140  isotopologue distribution patterns from uniformly labelled glucose revealed these reduced levels
141  were attributable to reduced synthesis. (Fig. 2D, 2F, 2J and Suppl. Fig. 2D, respectively).
142  Importantly, there was a significant change in steady-state levels of S-adenosyl methionine (SAM),
143 aproduct of the methionine cycle that derives some carbons from flux through the Serine-Glycine
144  pathway (Fig. 2G). The incorporation of *Ce-glucose into SAM was also reduced, again
145  indicating that decreased flux through the Serine-Glycine pathway may be at least partially
146  responsible for the reduced SAM levels (Fig. 2H). Together, our findings indicate that IGF2BP3
147  supports the generation of SAM, which is the key methyl donor for a number of methylation
148  reactions in cells.

149

150 IGF2BP3 promotes m°A modifications on RNA.
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151  Because SAM serves as a methyl donor for a variety metabolic and gene regulatory processes, we
152 hypothesized that IGF2BP3 depletion may impact protein and nucleic acid methylation. Given
153  prior reports that SAM levels impact histone methylation®*, we examined H3K4mel and
154  H3K4me3 marks in our model systems. Indeed, both methylation marks were reduced in SEM
155  cells (two distinct sgRNAs) and in Lin-MLL-Af4 cells that had been depleted for IGF2BP3 (Fig.
156  3A). With this finding in hand, we next examined m°A marks on RNA using an ELISA-based
157  assay. Strikingly, IGF2BP3 deletion reduced the relative m®A levels in both SEM and Lin-MLL-
158  AF4 cells (Fig. 3B). Similar findings were also observed in NALMG6 cells that had been depleted
159  of IGF2BP3 (Fig. 3C), where we had also noted the reduction in glycolytic flux. To confirm these
160  observations, we performed dot blots on total RNA purified from control or IGF2BP3-depleted
161  cells. Staining with the m®A antibody (see Materials & Methods) was significantly reduced in
162  IGF2BP3-depleted cells relative to control, despite equivalent levels of RNA in each sample as
163  visualized by methylene blue staining (Fig. 3D). Importantly, this change in m®A levels was not
164  accompanied by a change in either RNA methylase or demethylase activity within the cells (Fig.
165  3E-F). Similarly, the protein levels of METTL3, METTL14, METTLI16, and FTO, key m°A
166  writers and erasers were unchanged as a function of IGF2BP3 (Fig. 3H).

167

168  Given the known role of IGF2BP3 as an m°A reader, we then queried whether upstream inhibition
169  of METTL3, the catalytic unit of the RNA m°A writer enzyme, by STM2457 would show an
170  additional effect on m°A levels. Remarkably, there was no further reduction in m®A levels by the
171  addition of STM2457, and IC50 curves demonstrated that IGF2BP3-depleted cells were more
172 resistant to STM2457-based cell growth inhibition in both cell types that were tested (Fig. 3G and

173 3I, respectively). The effect on m6A levels following treatment with PF-9366, an allosteric
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174  inhibitor of MAT2A?, was similarly attenuated in the IGF2BP3-depleted cells (data not shown).
175  These data suggest that IGF2BP3 directly impacts the production of SAM through the MAT2A/B
176  complex, a phenotype that was not additive to the loss of METTL3 or MAT2A.

177

178 IGF2BP3 regulation of metabolic genes involves specific translational control.

179  Our prior work'' demonstrated that IGF2BP3 supports leukemogenesis. A re-analysis of
180 differentially regulated gene sets from those studies revealed that there was also an enrichment of
181  gene sets related to metabolism (Supp Fig. 3A-D). We, therefore, used Metaboanalyst 2° to analyze
182  deregulated metabolites identified in the LC/MS analysis (Fig. 2).  This revealed highly
183  statistically significant enrichment for metabolites related to glycine, serine and threonine
184  metabolism, aminoacyl tRNA biosynthesis and cysteine and methionine metabolism (Fig. 4A).
185  Lesser enrichments were seen for glutathione metabolism as well as other pathways. Next, we
186  utilized recently generated eCLIP data for IGF2BP3 in SEM cells to identify target mRNAs
187  (manuscript in preparation; Fig. 4B). Indeed, we found genes related to these same pathways as
188 IGF2BP3 targets (Fig. 4B). Next, we queried whether there were concordant alterations in gene
189  expression based on differential expression analysis by RNA-sequencing. A majority of the genes
190 did not show changes at the RNA level, implying either non-functional protein-RNA interactions
191  or a mechanism that does not rely on changes in RNA levels (Fig. 4C). Because of the relatively
192  small number of altered metabolites, we pursued an alternative strategy by analyzing the
193  expression of key regulators of glycolysis and one-carbon metabolism by western blot analysis.
194  We found that there were small but consistent changes in the expression of proteins related to
195  glycolysis, serine/glycine biosynthesis, one-carbon cycle, and methyl cycle (Fig. 4D). Of these,

196 the change in MAT2A was most concordant with a functional role in the observed metabolic
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197  changes, particularly the decrease in SAM. Broadly, the same changes in protein expression were
198  also observed in the Lin- murine system (Supp. Fig. 3E).

199

200  Given the surprising observation that IGF2BP3 deletion only subtly alters steady-state levels of
201  metabolic transcripts, we explored the possibility of IGF2BP3-dependent translational control.
202  Importantly, global translation was not altered per SUnSET assay’’, where puromycin
203  incorporation into elongating protein strands is assessed (Supp. Fig 4A). To query IGF2BP3-
204  related mechanisms of translational regulation, we profiled polyribosome association of mRNA
205  transcripts from control or IGF2BP3-depleted SEM cytosolic extracts using sucrose gradient
206  centrifugation and RT-qPCR. Out of the 7 candidate transcripts identified from the eCLIP analyses
207  (Fig. 4C), we found that polyribosome association on MAT2B mRNA, which encodes the
208  regulatory subunit of the MAT2 complex?®, was strongly reduced in IGF2BP3-depleted cells (Fig.
209 4E). Western blot analysis also revealed a reduction of steady-state protein levels in the IGF2BP3-
210  depleted cells (Fig. 4D). A similar result was obtained for the PKM gene, whereas PSAT1, SHMT1
211  and MTHFR transcript distribution was not significantly altered across gradients from control or
212 IGF2BP3-depleted cells (Supp. Fig. 3F-I). We confirmed that ribosome integrity was required for
213  the observed changes, as lysates treated with EDTA, which causes ribosomal subunit dissociation,
214  attenuates transcript sedimentation (data not shown). Interestingly, MAT2A, the catalytic subunit
215  ofthe MAT2 complex, did not show any changes in polyribosome association despite showing an
216  alteration in protein levels (Supp. Fig. 4B). Given this lack of change in translation, we next
217  queried protein stability, using a Cycloheximide Chase Assay®’, finding that protein levels of
218 MAT2A showed declining levels in IGF2BP3-deficient cells, but not so in IGF2BP3-expressing

219  cells (Supp. Fig 4B). These findings are consistent with reduced stability of the MAT2A enzyme
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220  in the absence of the MAT2B subunit, as previously reported®®. Taken together with our previous
221  data indicating unchanged steady-state protein levels of canonical writers and erasers (Fig. 3H,
222 Suppl. Fig. 3E), we suggest that altered translation of MAT2B drives changes in MAT2A protein
223  stability, resulting in a concomitant decrease in SAM and m°®A in IGF2BP3-depleted cells.

224

225 IGF2BP3 promotes the metabolic-epitranscriptomic axis in vivo.

226  To further query the significance of our observations relating IGF2BP3 to metabolism and the
227  epitranscriptome, we set out to understand if the changes we observed were also noted after the
228 loss of function in vivo. First, we examined mouse bone marrow from mice that had been
229 transplanted with Lin-MLL-Af4 cells as previously described'?, finding that m®A levels were
230  reduced with depletion of IGF2BP3 (Fig. SA). Next, we turned to our recently developed small
231  molecule inhibitor of IGF2BP3, 13IN-002, that inhibits cell growth with an IC50 of 2-3.5 uM in
232 SEM cells (Fig, 5B-C; manuscript under consideration). Similar to genetic depletion, I3IN-002
233  reduced ECAR and lactate efflux levels in SEM cells that were treated with 5 uM I3IN-002 (Fig.
234 5D-E). I3IN-002 resulted in a reduction of m®A levels, similar to treatment with STM2457, the
235  previously mentioned METTL3 inhibitor (Fig. 5F). In vivo, treatment of murine Lin-MLL-Af4
236  tumors as well as a PDX model of B-ALL, PDX#22694% resulted in statistically significant
237  reductions of m°A levels in both cases (Fig. 5G-H). Together, these data support the idea that
238  IGF2BP3 promotes altered metabolism and RNA modifications in vivo.

239

240  Enforced expression of IGF2BP3 rescues the metabolic-epitranscriptomic phenotype.

241 If IGF2BP3 depletion causes a reduction in SAM through regulation of the MAT2 complex, then

242 we expect exogenous IGF2BP3 to rescue these phenotypes in vitro. To test this hypothesis, we re-
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243 introduced IGF2BP3 in SEM and Lin-MLL-Af4 cells in which IGF2BP3 had been deleted using
244  CRISPR. Here, we utilized a codon-altered IGF2BP3 that retained the same amino acid sequence
245  but had an altered nucleotide sequence to escape CRISPR/Cas9-mediated degradation. Western
246  blotting confirmed that the codon-altered protein was efficiently expressed in both model systems
247  (Fig. 6A). Following the re-expression of IGF2BP3 led to therescue of PKM2 and
248 MAT2A/MAT2B protein expression, cell growth and m®A modification of RNA in both SEM and
249  Lin-MLL-Af4 cells (Fig. 6B-G, respectively). In an orthogonal set of assays, we turned to our
250  previously described mouse model with germline deletion of Igf2bp3 (Igf2bp39¢/4)!! " Lin- cells
251  were collected from the bone marrow of these mice and transduced with MLL-Af4 as previously
252 described, which in wild-type mice leads to overexpression of MLL-Af4 protein. Next, we used
253  retroviral transduction to constitutively express wild-type IGF2BP3 in these cells and compared it
254  with an empty-vector control (Fig. 6H). Constitutive exogenous expression of IGF2BP3 led to
255  increased expression levels of MAT2A and MAT2B (Fig. 6H), consistent with the model of gene
256  expression regulation presented previously. Re-expression of IGF2BP3 also led to increased cell
257  growth, as measured by cell viability in Cell Titer Glo measurements (Fig. 61). In terms of
258  metabolic changes, we observed an increased extracellular acidification rate (ECAR; Fig. 6J) and
259 increased lactate efflux rate (Fig. 6K). Colony formation in methylcellulose was increased with
260  re-expression of IGF2BP3 and, importantly, m®A modifications in RNA were also increased (Fig.
261  6L-M).

262

263  To validate the findings in vivo, we utilized bone marrow transplant assays to evaluate the
264  phenotype of MLL-Af4 Igf2bp3 (Igf2bp3%/") Lin- cells with and without enforced IGF2BP3

265  expression. Following transplantation of transduced cells, IGF2BP3 re-expressing mice showed a
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266  significant increase in engrafted cells, bone marrow counts, spleen weights and spleen counts at 6
267  weeks post-transplant compared to control mice (Fig. 7A-D). Consistent with our previous
268  findings, IGF2BP3 re-expressing mice displayed significantly higher counts for CD11b+, Lineage-
269 negative cells, LSK (Lin-ckit+Scal-) cells, including potential leukemia-initiating cell (LIC)

1112 i both bone marrow and spleen (Fig. 7E-I and Suppl. Fig. 5, respectively). Next,

270  population
271  we queried the metabolic state of IGF2BP3 re-expressing and control mice using respirometry.
272 Consistent with our other findings, IGF2BP3 re-expression increased ECAR and Lactate efflux
273  rate (Figure 7J-K). Importantly, we also observed an increase in the m®*A modifications on RNA
274  in the IGF2BP3 re-expression group compared to the control group (Figure 7L). Together, these
275  findings confirm that IGF2BP3 regulates cell growth, metabolic flux through the glycolytic
276  pathway, expression of key regulators of SAM synthesis, and the m®A modification in mRNA.
277

278  DISCUSSION

279  Despite having a 0.1%-0.4%">" occupancy on RNA, aberrant mA RNA modification has been
280  implicated in leukemogenesis®. To date, the role of m®A in oncogenesis has been best elucidated
281  in the case of m®A writers (METTL3/14 complex) and erasers (FTO/ALKBHS5)**37. These studies
282  have determined that both m6A writers and erasers can promote oncogenesis. This suggests that
283  interpretation of the m®A modification within the cell is key in determining the effect on cellular
284  homeostasis; in line with this idea, the YTH family of m°A readers were found to play a role in
285  oncogenesis’®*. With the identification of the IGF2BP family of proteins and others as mSA

286 readers, a general trend for several of these reader proteins playing critical roles in cancer

287  pathogenesis is emerging**#2. In this study, we report the unexpected finding that the m®A reader
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288 IGF2BP3 drives changes in RNA methylation via the regulation of cancer cell metabolism,
289  potentiating post-transcriptional amplification of oncogenic gene expression.

290

291  Using a combined approach involving Seahorse XF Analysis and mass spectrometry, we observed
292  significant and consistent reductions in glycolytic flux in IGF2BP3-depleted cells. We also
293  observed a reduction in the steady-state levels and de novo synthesis of serine and glycine, which
294 use the glycolytic intermediate 3-phosphoglycerate as a biosynthetic precursor. Increased
295  glycolysis and associated flux into serine biosynthesis have been shown to support tumor growth
296  and survival by fueling the production of S-adenosyl methionine (SAM), the primary methyl donor
297  for global methylation reactions****, which was also decreased in the IGF2BP3-depleted cells.
298 Interestingly, there was no consistent decrease in oxidative phosphorylation or relative
299  incorporation from glucose or glutamine into TCA cycle intermediates upon IGF2BP3 loss,
300 suggesting a specific and targeted effect of IGF2BP3 on glycolysis and one-carbon metabolism
301 rather than global depression of overall metabolic rates in these leukemia models. It may be that
302  subtle changes in transcription and translation of mitochondrial proteins may not manifest in
303 functional changes in these cells but could in other model systems rely more on oxidative
304 phosphorylation to fuel energetics. Nonetheless, we did observe a specific decrease in a-
305  ketoglutarate (a-kg) levels without commensurate changes in other TCA cycle intermediates.
306  Given that the intracellular a-KG/succinate and o-K G/fumarate ratios regulate the a-kg -dependent
307 dioxygenase family of demethylases and prolyl hydroxylases®, it may be that IGF2BP3 regulates
308 broader epigenetic, epitranscriptomic, and transcriptional control via modulation of these
309 metabolites.

310
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311  Given the observed impact on one-carbon metabolism and SAM, we queried the impact on
312  methylation reactions within cells depleted for IGF2BP3. We observed reduced m°®A levels
313  following IGF2BP3 depletion. This reduction was not related to a change in RNA m°®A-methylase
314  or demethylase activity within the cells, and the key enzymes involved in m°A showed no change
315 in protein levels. Further arguing for a direct effect on methylation, STM2457 (METTL3
316 inhibitor) and PF-9366 (MAT2A inhibitor) showed robust growth inhibition in wild-type but not
317 IGF2BP3 depleted cells. This suggests that IGF2BP3 supports SAM biosynthesis, and the
318 availability of SAM is suggested to be rate-limiting for METTL3 activity. While this study was in
319  progress, another group reported modulation of m*A RNA methylation by IGF2BP3 via the m°A

320 eraser FTO via overexpression of IGF2BP34¢

. While some portions of the study are in agreement
321  with our observations, we did not observe changes in either FTO levels or in RNA demethylase
322  activity. Nonetheless, this work does perhaps illuminate another facet of the intriguing role of
323  IGF2BP3 beyond simply being a passive reader of m°®A modifications.

324

325  We next queried the targets of IGF2BP3 in search of mechanistic understanding. In the current
326  study, enhanced Cross-linking immunoprecipitation (eCLIP-seq) of IGF2BP3 identified several
327  direct targets of IGF2BP3 in the central pathways of the Glycine-Serine cycle, Folate Cycle and
328 the Methyl cycle, which together constitute one-carbon metabolism (OCM)*’. Because the current
329 RNA-seq dataset did not show significant changes in the RNA levels of many of these genes, we
330 undertook a targeted western blotting approach to query if key regulators were indeed de-
331  regulated. Importantly, we found that MAT2A, a component of the MAT2 rate-limiting enzyme
332  for SAM production, was significantly and consistently reduced. Interestingly, while MAT2A

333 itself was not a direct target of IGF2BP3, the MAT2B mRNA, encoding the other component of
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334 the MAT2 enzyme and an allosteric regulator of MAT2A?3, demonstrated IGF2BP3 CLIP sites
335 within its 3’UTR. Concordantly, MAT2B protein levels were reduced on western blot.
336  Nonetheless, there could be other factors also contributing to the observed downregulation of
337 SAM. Decreased glycolytic flux may play a role, given our observations of reduced ECAR and
338 lactate efflux rate. We also noted downregulation of PKM2, an isoform of PKM specifically
339  overexpressed in cancers, in the absence of IGF2BP3. Interestingly, PKM?2 activity is reduced in
340 response to serine deprivation, and when in excess, serine binds to and activates PKM?2 to increase
341  glycolysis and decrease flux to serine production*®. Hence, multiple mechanisms are likely to
342  contribute to the observed changes in SAM.

343

344  Interestingly, mRNA level measurements from wild-type and knockout cells did not reveal altered
345  abundance of mRNA transcripts encoding the metabolic regulators. To query this aspect of protein
346 translation, we turned to polysome profiling. The polysome profiling revealed no change in the
347  polysome gradient fractionation of MAT2A mRNA, implying no change in translation. On the
348  other hand, both PKM and MAT2B demonstrated an alteration consistent with the model that
349 IGF2BP3's presence promotes their translation. Therefore, we suspected that the decrease in
350 MAT?2A protein levels could be due to the loss of MAT2B, which stabilizes MAT2A, which was
351 confirmed in cycloheximide chase experiment®. Hence, our experiments point to a novel
352  mechanism of gene expression regulation by IGF2BP3, where IGF2BP3 impacts translation. We
353  also observed a downregulation in the protein expression of different genes involved in the folate
354  cycle, which has also been linked to RNA methylation***°. However, only MTR is a direct target
355 of IGF2BP3, and did not show notable changes in polysome profiles. Notably, some of the

356 enzymes involved in serine and glycine biosynthesis (PHGDH, PSATI1, SHMTI1) showed
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357  upregulation in IGF2BP3-deficient cells. This may be the result of a feedback mechanism in
358 response to decreased substrate availability. Hence, we do not fully understand the basis of
359 IGF2BP3-based regulation of metabolic genes. This is further highlighted by the fact that
360 IGF2BP3- based binding and regulation are likely combinatorial- based not only on m°A but also
361  sequence, spacing and other RNA modifications, such as m’G>!-2,

362

363  We note that MYC is a direct target of IGF2BP3 based both on our own studies and that of
364  others'®. Indeed, we found downregulation of MYC in the current study with depletion of
365 IGF2BP3 (data not shown). Further experiments downregulating MYC demonstrated altered
366  glycolysis but failed to recapitulate other aspects of the IGF2BP3 metabolic-epitranscriptomic
367 phenotype. Particularly, m®A was not altered following MYC downregulation (data not shown).
368  Still, recent studies have purported to link m°A and MYC in mature B-cell neoplasms and as a
369  regulator of glutamine metabolism in AML>? >*. Hence, the full extent of involvement of MYC in
370 this pathway is not yet known, but does not detract, from the novelty of our central finding of an
371  m®A-reader influencing deposition of the very same modification.

372

373  Significantly, rescue experiments with overexpression of IGF2BP3 successfully restored the
374  metabolic-epitranscriptomic changes that we altered by depletion of the protein in multiple model
375  systems. This suggests a model where aberrant expression of IGF2BP3, in our case driven by
376  MLL-AF4, begins a sequence of events resulting in altered metabolism. This leads us to propose
377 a model where, once activated, IGF2BP3 expression reinforces a cellular metabolic and
378  epitranscriptomic  phenotype that maintains oncogenesis. Consistently, [GF2BP3

379  re/overexpression not only rescued cell growth and leukemogenesis in vitro and in vivo, but also
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380 increased m®A modifications in the Lin- Igf2bp3 del/del, SEM and Lin- MLL-Af4 systems. We
381 also confirmed decreased mP®A levels, as a consequence of Igf2bp3 deletion, from in vivo leukemia
382  samples'?. Additionally, we utilized a small molecule inhibitor of IGF2BP3, I3IN-002 (manuscript
383  under review), finding a decrease in glycolysis and m°A levels both in vitro and in vivo, using a
384 PDX model. Altogether, we provide multiple orthogonal lines of evidence to show that the
385  expression of IGF2BP3 results in the metabolic-epitranscriptomic phenotype described here.

386

387  While our study provides evidence for the role of IGF2BP3 in the metabolic control of the cancer
388 cell epitranscriptome, many questions remain unanswered. What is the transcript-level impact
389  of IGF2BP3 depletion on methylation? How do multiple RNA modifications interact to regulate
390 IGF2BP3 function and, more broadly, other epitranscriptomic readers? How does the abundance
391  of methyl donors impact DNA and histone methylation, and how does that impact gene expression
392 in the context of IGF2BP3-driven oncogenesis? We acknowledge that there are many important
393 and interesting questions to arise from our work, and these form several focal points for further
394  research.

395

396 In conclusion, IGF2BP3, a non-canonical m°A reader, regulates the abundance of the mA
397 modification in vitro and in vivo, via an effect on metabolism. Our data suggest that the
398 translational control of MAT2B mRNA, and potentially others, is an important regulatory
399 interaction controlled by IGF2BP3. There are specific mRNA targets regulated via translational
400  control that contribute to this function of IGF2BP3. Our findings provide a novel insight into how
401  mPA modifications may be propagated and retained by a change in the cellular metabolic milieu.

402  The implications for positive feedback regulation may underlie the potency of IGF2BP3 as a key
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regulator of leukemogenesis. In the future, a detailed understanding of the many aspects of
IGF2BP3 function may aid in designing rational combinatorial therapies that will pre-empt

resistance and relapse.
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407 METHODS

408  Cell lines and cell culture

409  All cell lines were maintained in standard conditions in an incubator at 37 °C and 5% CO;. Human
410 cell line HEK 293T (ATCC® CRL3216™) and B-ALL cell lines, RS4;11 (ATCC CRL-1873),
411 NALMBG6 (ATCC CRL-3273), and SEM (DMZ-ACC 546) were cultured as previously described>>.
412  Immortalized MLL-Af4 transformed hematopoietic stem and progenitor cells derived from mouse
413  bone marrow (MLL-Af4 Lin- cells) were cultured in IMDM with 15% FBS, supplemented with
414  recombinant mouse stem cell factor (SCF, 100 ng/mL, Thermo Fisher), recombinant mouse
415  Interleukin-6 (IL-6, 4 ng/mL, Thermo Fisher), recombinant human FMS like tyrosine kinase 3
416  ligand (FLT3-L, 50 ng/mL, Thermo Fisher) and mouse thrombopoietin (TPO,50 ng/mL, Thermo
417  Fisher).

418

419 CRISPR/Cas9-mediated deletion/overexpression of IGF2BP3 in cell lines

420  Human B-ALL cell lines SEM, RS4;11, and NALM®6 were depleted for IGF2BP3 using lentiviral
421  delivery of CRISPR/Cas9 components in a two-vector system and sgRNA sequence as previously
422  described'?*°. For the rescue experiments, the codon-optimized IGF2BP3 (MIG-CO IGF2BP3)
423  sequence was synthesized and cloned in MSCV-IRES-GFP (MIG) by GeneScript. The constructs
424  were delivered using pGAG/POL helper plasmids and pseudotyped with pVsVG.

425

426  The MSCV-MLL-FLAG-Af4 plasmid was generously provided by Michael Thirman (University
427  of Chicago) through a material transfer agreement®®. Immortalized MLL-Af4 Lin- cells were
428 initially isolated from bone marrow of Cas9-GFP mice and then transformed using retroviral

429  transduction with MLL-Af4 retroviral supernatant, with four rounds of transduction with MLL-
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430  Af4 retroviral supernatant, followed by selection in G418 supplemented media at 400 pg/mL for
431 7 days, as previously described!'!. Cells were then stably transduced with lentiviral supernatant
432  containing sgRNA against Igf2bp3 (I3sg2) or non-targeting (NT), and sorted on GFP and mCherry
433  positivity '»>For rescue experiments, germline Igf2bp3 MLL-Af4 Lin cells underwent second
434  transduction with retroviral supernatant containing MSCV-IRES-GFP (MIG) or MSCV-IRES-
435  GFP-IGF2BP3 (MIG-IGF2BP3) and were sorted according to GFP positivity.

436

437  Protein extraction and Western blot

438  Cell lysates were made in non-denaturing cell lysis buffer and RIPA lysis buffer. Lysates were
439  electrophoresed using SDS-PAGE using standard conditions!®. The complete list of antibodies
440  used is listed in the Supp. Table 3.

441

442  Methylcellulose-based colony-forming unit assays

443  The assay was performed by seeding MLL-Af4 Igf2bp3 germline knockout Lin— cells and
444  1GF2BP3 re-expressed line into MethoCult colony-forming media (STEMCELL Technologies,
445  M3434) at seeding densities of 250 to 2500. Cells were cultured in MethoCult media for 10 to 12
446  days and counted for total colony number.

447

448  Cell Proliferation, drug cytotoxicity and viability assays

449  IGF2BP3 KO (Knockout) and NT (Non-Targeting Control) cells were seeded at 1500 cells/well
450 in 96-well plates and cultured for 72 hours at 5% CO; and 37°C. Cell titre Glo (CTG) reagents
451 were added according to the manufacturer’s instructions (Promega CellTiter kit), and

452  luminescence was measured (Varioskan LUX multimode microplate reader, ThermoFisher). Five
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453  technical replicates were prepared for each sample. For inhibitor treatment, cells were treated with
454  the drug or a 0.1% dimethyl sulfoxide (DMSO) control, using concentrations and periods specified
455  in the figure legends. The following inhibitors were used: I3IN002 (Lab synthesized), STM2457
456  (Catalog No. S9870, Selleckchem), and PF9366 (Catalog No. S0435, Selleckchem).

457

458 Cycloheximide CHASE assay

459  Briefly, 50 mg/mL cycloheximide (CHX) (01810, Sigma-Aldrich) was added to SEM cells with
460  or without IGF2BP3 knockout at different time points, ranging from 30 minutes to 8 hours before
461  collection. Cells were harvested and collected for translation analysis of different proteins.

462

463  SUnSET Assay

464  The assay was performed as described earlier?’. Briefly, 50 mg/mL Puromycin (P4512, Sigma-
465  Aldrich) was added to SEM cells with or without IGF2BP3 knockout at different time points,
466 ranging from 45 minutes to 3 hours before collection. Cells were harvested and collected for
467  Western blot analysis using a monoclonal antibody against puromycin (clone 12D10 MABE343,
468  Sigma-Aldrich) to monitor translation directly.

469

470  Colorimetric measurement of m°A levels

471  Total RNA was extracted from cells with or without IGF2BP3 knockout or other conditions and
472  the corresponding reagents were added according to the manufacturer's instructions for the m°A
473  detection kit (EpiGentek, USA). Finally, changes in the OD value in each well were detected by
474  an enzymatic labeling system at a wavelength of 450 nm within 2—15 min of reagent addition. The

475  following formula was used:
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476  mP®A% = [(SampleOD-NCOD) + S]/[(PCOD-NCOD) + P] * 100%

477  S: The total amount of sample RNA added (ng)

478  P: Total amount of positive control RNA added (ng)

479

480 Colorimetric measurement of Methylase and Demethylase Activity

481 RNA methylase and demethylase activity were measured using the commercially available
482  Epigenase m°A Methylase Activity/Inhibition Assay Kit (Epigentek; P-9019) and Demethylase
483  Activity/Inhibition Assay Kit (Epigentek; P-9013), respectively. The assays were performed per
484  the manufacturer’s protocol. Briefly, 10 pg of total protein lysate was used for control and
485  knockouts. The samples were incubated on the plate for 90 min, washed with wash buffer, and
486  incubated with capture antibody, detection antibody, and enhancer antibody for 60, 30, and 30
487  min, respectively. After washing five times with a wash buffer, the developer solution was added,
488  and the colour change was monitored for 5 minutes. The reaction was stopped using a stop solution
489 and read at 450 nm using a Varioskan Lux multimode microplate reader (Thermo Fisher).
490 Methylase and Demethylase activity were reported in units of OD/h/mg and normalized against
491  the standard curve.

492

493  Respirometry

494  All oxygen consumption and extracellular acidification measurements were conducted using an
495  Agilent Seahorse XF Pro or XF°96 Analyzer. Experiments were performed at 37°C and pH 7.4.
496  All respiratory parameters were corrected for non-mitochondrial respiration and background signal
497  from the instrument with the addition of 200 nM rotenone and 1 uM antimycin A. Where

498  appropriate, oligomycin was used at 2 uM unless otherwise specified, and FCCP concentrations
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499  were titrated to determine an optimal concentration for a given experiment. Unbuffered DMEM
500 assay medium was composed of DMEM (Sigma #5030; pH 7.4) supplemented with 31.6 mM

501 NaCl, 3 mg/l phenol red, and 5 mM HEPES unless otherwise indicated.

502 GC/MS Analysis and stable isotope tracing

503  Experiments were performed as described previously’’. Metabolite extraction was conducted with
504  a Folch-like method using a 5:2:5 ratio of methanol: water: chloroform. For the isotope tracing
505  experiment, 5 million SEM cells per technical replicate were plated in a medium containing either
506 10 mM '3Cg glucose (Cambridge Isotope Laboratories) or 6 mM '3Cs glutamine (Cambridge
507 Isotope Laboratories) for 24 hours. After incubation, the cells were washed with ice-cold 0.9%
508 (w/v) NaCl and then resuspended in a mix of ice-cold methanol, water containing 5 pg/mL
509 norvaline (Sigma #N7502; an internal standard) and chloroform. Samples were then vortexed for
510 1 min and centrifuged at 10,000g for 5 min at 4°C. The polar fraction (top layer) was removed,
511 and the samples were dried overnight using a refrigerated CentriVap vacuum concentrator
512  (LabConco). Metabolites (50 nmol to 23 pmol) were extracted alongside the cell samples to ensure
513 the signal fell within the linear detection range of the instrument. The dried polar metabolites were
514  reconstituted in 20 pL of 2% (w/v) methoxyamine in pyridine prior to a 45-min incubation at 37°C.
515  Subsequently, 20 pL. of MTBSTFA with 1% tertbutyldimethylchlorosilane was added to samples,
516 followed by an additional 45-min incubation at 37°C. Samples were analyzed using Agilent
517  MassHunter software and FluxFix software (http://fluxfix.science) to correct for the abundance of
518  natural heavy isotopes against an in-house reference set of unlabeled metabolite standards>®.

519

520 Metabolite extraction and mass-spectrometry-based metabolomics analysis
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521  SEM cells with or without IGF2BP3 knockout were cultured in their regular culture medium
522  without glucose but supplemented with *C¢ Glucose (10 mM, Cambridge Isotope Laboratories,
523  Inc.). 24 h later, 5x10° cells were collected and rinsed with PBS, and 1 mL cold 80% methanol
524  (Optima* LC/MS, Fisher Scientific) was added to cells. As an internal standard, 1 uM norvaline
525  (Sigma-Aldrich) was added to each sample. Samples were then vortexed every 5 min, three times
526  and spun down at top speed for 5 min at 4 °C. The supernatants were transferred to a newtubes,
527  and the pellet was resuspended in 0.5 M NaOH for protein estimation. The extracts were dried
528 overnight using a refrigerated CentriVap vacuum concentrator (LabConco) and stored at -80°C.
529 The mass spectrometry-based analysis of extracted metabolites was conducted at UCLA
530 Metabolomics Center. Dried metabolites were resuspended in 100 pl 50% ACN:water and 5 pl
531 was loaded onto a Luna 3um NH2 100A (150 x 2.0 mm) column (Phenomenex). The
532  chromatographic separation was performed on a Vanquish Flex (Thermo Scientific) with mobile
533  phases A (5 mM NH4AcO pH 9.9) and B (ACN) and a flow rate of 200 pl/min. A linear gradient
534  from 15% A to 95% A over 18 min was followed by 7 min isocratic flow at 95% A and re-
535  equilibration to 15% A. Metabolites were detected with a Thermo Scientific Q Exactive mass
536  spectrometer run with polarity switching in full scan mode with an m/z range of 70-975 and 70.000
537  resolution. Maven (v 8.1.27.11) was utilized to quantify the targeted metabolites by AreaTop using
538 accurate mass measurements (< 5 ppm) and expected retention time previously verified with
539  standards. Values were normalized to cell number or protein content of extracted material, where
540 applicable. '3C natural abundance corrections were made using AccuCor. Total amounts were
541  calculated by summing up the intensities of all detected isotopologues of a given metabolite. Data
542  analysis was performed using in-house R scripts. MetaboAnalyst (v6.0) was then used to analyze

543  the enriched metabolic pathways of significantly changed metabolites with default parameters®.
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544
545  Sucrose gradient preparation for polysome profiling

546  Linear sucrose gradients (15-45%) were made by dissolving sucrose in a polysome gradient buffer
547 (20 mM Tris-HCI, pH 7.5, 200 mM KCl, 25 mM MgCl.). Approximately 6.5 mL of the 15%
548  sucrose solution was layered into SW41 centrifuge tubes, followed by the 45% solution
549  underneath. The gradients were mixed using the Biocomp Gradient Station, then stabilized at 4°C
550 overnight.

551

552  Polyribosome Profiling and Fractionation

553  The experiment was performed as previously described>®. Briefly, SEM cells were treated with
554 100 pg/mL CHX for 10 minutes at 37°C, then pelleted (200 rpm for 10 minutes). The pellet was
555  resuspended in 9 mL PBS (without MgCl. and KCI) and pelleted again. After removing the
556  supernatant, cells were lysed in an ice-cold lysis buffer (20 mM Tris-HCI pH 7.5, 200 mM KCl,
557 25 mM MgCl, 0.5% NP-40, 100 png/mL CHX, supplemented with protease inhibitors). The lysate
558  was passed through a 23-gauge needle 3-5 times and incubated on ice for 10 minutes. Following
559 incubation, the lysate was centrifuged (10,000 rcf for 10 minutes at 4°C) to separate nuclear and
560 membrane fractions. The cytosolic supernatant was then layered onto the pre-formed sucrose
561  gradient and ultracentrifuged at 40,000 rpm for 2 hours at 4°C using a Beckman SW41 rotor. The
562  gradients were manually fractionated (non-continuous) from top to bottom into 22 samples of 0.4
563 mL each using the Biocomp Gradient Station (Piston Gradient Fractionator (Model 153)).
564  Fractions were pooled into 96-well plates with a 1:1 ratio of 2x RNA Shield containing spike-in
565 RNA (SARS-CoV N1).

566
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567 RNA extraction and cDNA synthesis for Polysome profiling

568 Total RNA was extracted from cell culture pellets using an Agilent Bravo automated liquid
569  handling platform and Quick-DNA/RNA Viral Magbead kit following the manufacturer’s protocol
570 (Zymo Research). Samples were treated with RQI1 RNase-Free DNase following the
571  manufacturer’s protocol (Promega). cDNA synthesis was then performed using a High-Capacity
572  c¢cDNA Reverse Transcription Kit following the manufacturer’s protocol (Applied Biosystems).
573  c¢DNA was diluted 1:10 and qPCR was performed.

574

575 Polysome profiling qPCR

576  gPCR experiments were performed on a QuantStudio 6 Flex Real-Time PCR System (Applied
577  Biosystems). Experiments were performed using Luna Universal gPCR Master Mix, following the
578  manufacturer’s protocol (New England Biolabs). SARS-CoV2 N1 RNA spike-in was used to
579 normalize the relative expression levels of target mRNAs to the cytosol fraction with the AACt
580 method. Primer sequences are provided in Supp. Table 2.

581

582  Animal Experiments

583  For in vivo studies, C57BL/6J, B6.SIL-Ptprc® Pepc”/Boyl] (B6 CD45.1), and B6J.129(Cg)-
584  Gt(ROSA)26Sorm!1(CAG-casd, -EGFP)Fezh] (359 GFP, BL/6J) were procured from The Jackson
585  Laboratory. The Igf2bp3 (Igf2bp39¢/4°!y mice used in this study were generated and maintained as
586  previously described!!. The bone marrow transplant experiments were performed as previously
587  described'. For in vivo drug treatment, one week after transplantation, mice were injected with
588  vehicle or I3IN-002 three times a week at a dose of 25 mg/kg, for three weeks, with an endpoint

589  at four weeks post-transplantation. Flow cytometry was performed to check the peripheral blood
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590 engraftment of the leukemic cells at week 2 and week 4. Once the peripheral blood engraftment
591  reached >20%, the experiment was terminated and tissues were harvested to be analyzed by Flow
592  cytometry, histology and m®A ELISA. For rescue experiments, MSCV-IRES-GFP (Control) or
593  MSCV-IRES-GFP-IGF2BP3 (MIG-IGF2BP3) overexpressed MLL-Af4 Lin- cells were
594 transplanted as described previously!'!. All the animal experiments received Institutional Animal
595  Research Committee approval at UCLA.

596

597 PDX experiments

598 NOD.Cg-PrkdcSCIDIR2rgtm1Wjl/SzJ (NOD/SCID/IL-2Ry—/—, NSG) mice were maintained in
599 the animal facilities at the University of California, Los Angeles (UCLA). Six-to ten-week-old
600 females were utilized to study the in vivo efficacy of the small molecule inhibitor against
601 IGF2BP3. 5,00,000 PDX cells (PDX#22694) were engrafted in the NSG mice and one week
602  following transplantation, mice were injected with vehicle or I3IN-002, three times a week at a
603  dose of 25 mg/kg, for three weeks, with an end point at four weeks post-transplantation. The
604  engraftment of the leukemic cells was checked by Flow cytometry at week 2 and week 4 in the
605  peripheral blood. Once the peripheral blood engraftment reached >20% at 4 weeks, the experiment
606  was terminated, and tissues were harvested to be analyzed by Flow cytometry and m°®A ELISA.
607

608 eCLIP-Seq

609  eCLIP studies were performed by Eclipse Bioinnovations Inc https://eclipsebio.com/ according to
610  the published single-end eCLIP protocol®’. Briefly, 20x10° SEM cells were grown and UV cross-
611 linked at 400 mJoules/cm? with 254 nm radiation, flash frozen, and stored until use at —80°C.

612  Crosslinked cell pellets were further processed by Eclipse Bioinnovations for eCLIP using a rabbit
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613  anti-IGF2BP3 antibody (MBL, RNOO9P). A parallel Size-Matched Input (SMInput) library was
614 also generated as a control where the samples were treated identically, except they were not
615 immunoprecipitated with anti-IGF2BP3 antibody. Protein-RNA complexes were separated on an
616  SDS-PAGE gel, transferred to a PVDF membrane and isolated using standard iCLIP protocol®!.
617  Libraries were then amplified as previously described®?. Three replicates using 20 million SEM
618 cells per replicate (3 IP libraries and 3 size-matched input libraries) were processed, yielding six
619 libraries. Sequencing was performed as SE72 on the NextSeq platform.

620

621 eCLIP-seq Read Processing

622  Data were processed similarly to the standard eCLIP pipeline®?. Briefly, reads were trimmed
623  (cutadapt) and FASTQs were aligned with STAR v2.7.8a% to the human genome (GRCh38,
624 GENCODE v38 annotation). To remove all the repetitive elements, a reverse intersection of all
625 peak files with the repeatmasker bed file (downloaded from the University of California Santa
626  Cruz (UCSC) table viewer) was performed®. PCR duplicate reads were removed, and the aligned
627  files were further processed and analyzed for peaks enriched over the background using Skipper
628  v1.0.0%. IGF2BP3 eCLIP fine-mapped peak sets were filtered for peaks with log2(fold change) >
629 1.0 and > 3.0, respectively, in terms of mean read counts in IP vs. size-matched input®?.

630

631 Joint Analysis of Metabolomics and eCLIP datasets

632 For finding the enriched metabolic pathways, using the IGF2BP3 eCLIP datasets,
633  MetaboAnalyst®® (v6.0) “joint pathway analysis” module was used. For the enrichment analysis, a
634  list of significantly changed metabolites along with IGF2BP3’s mRNA target list was used with

635  default parameters?®. Additionally, for the enrichment of metabolic pathways using HumanCyc%®
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636  and Metabolomics Workbench Metabolites®’” from the IGF2BP3 knockout datasets, enrichR%® web
637  module was used.

638

639  RNA extraction.

640 Total RNA was extracted with TRI Reagent (Zymo Research) using the manufacturer’s protocol
641  for the RNA isolation with the following modification: one additional RNA ethanol wash step was
642  included. After the total RNA was solubilized in ddH»0, one overnight ethanol precipitation step
643  was included for further purification of the total RNA.

644

645 Illumina sequencing of mRNA libraries.

646  Total RNA was isolated for cell culture pellets as described above. 2 ug of total RNA for each
647  sample was used for mRNA library preparation using the NEXT- FLEX Rapid Directional RNA-
648 Seq Kit 2.0 following the manufacturer’s protocol (Perkin Elmer Applied Genomics). Before
649 library preparation, total RNA samples were subjected to Poly(A) selection and purification using
650 the NEXTFLEX Poly(A) Beads Kit 2.0 following the manufacturer’s protocol (Perkin Elmer
651  Applied Genomics). Pooled mRNA sequencing libraries were sequenced on an Illumina NovaSeq
652  S4 at the UC Davis Sequencing Core Facility, generating 150 bp paired-end reads.

653

654 mCA Dot Blots

655  Total RNA was isolated from cell culture pellets as described above. RNA was first denatured for
656 5 minutes at 95° C and then placed on ice for 5 minutes. Hybond-N" nylon membrane (Amersham
657  Biosciences) was pre-soaked for 5 minutes in 2x SSC before RNA blotting was performed using

658 acommercial apparatus with a vacuum manifold (Schleicer and Schuell, Inc.). The membrane was
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659  cross-linked twice using the auto-cross link function on a UV Stratalinker 2400. The membrane
660  was then blocked for 1 hour at room temperature in a 10% blocking solution/0.1% PBST before
661  incubation overnight at 4°C with primary m°A antibody (Millipore MABE-1006) (1:1,000) in 5%
662  blocking solution/0.1% PBST. The membrane was washed 3 times for 5 minutes in 0.1% PBST
663  and incubated for 1 hour at room temperature in HRP mouse secondary antibody (1:10,000) in 5%
664  blocking solution/0.1% TBST. The membrane was washed 3 times for 5 minutes in 0.1% PBST
665 and then incubated for 5 minutes in SuperSignal West Pico PLUS substrate (Thermo Scientific).
666  The membrane then visualized using a BioRad Chemidoc using the optimal auto-exposure setting.
667  As aloading control, samples were run in parallel on a separate membrane and stained with 0.1%
668  methylene blue for two hours before de-staining in ddH»O until the dots were visible.

669

670  Statistical analysis

671  The data shown represents mean + SD for continuous numerical data. Two-tailed student’s t-tests
672  or one-way ANOVA followed by Bonferroni’s multiple comparisons test were performed using
673  GraphPad Prism software and conducted as described in the figure legends. Survival analyses were
674  performed using the Kaplan-Meier method, with comparisons made using log-rank tests, followed
675 by Bonferroni’s correction for multiple comparisons. A P value less than 0.05 was considered

676  significant.
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FIGURE LEGENDS

Figure 1. IGF2BP3 impacts glycolytic metabolism in B-acute lymphoblastic leukemia cells.

A. Western blots for IGF2BP3-deleted (I3sg2, 13sg5) in SEM, NALM6 and Lin-/MLL-Af4
murine cells.

B. Seahorse XF Extracellular acidification rate (ECAR) kinetic trace in control and IGF2BP3-
deleted SEM cells (I3sg2).

C. Aggregate lactate efflux rates from Seahorse XF Analysis in control (NT, NT2) versus
IGF2BP3-deleted (I13sg2, 13sg5) in SEM, NALM6 and Lin-/MLL-Af4 murine cells.

D. Pyruvate and Lactate amounts measured by GC-MS in control versus IGF2BP3-deleted (I3sg2)
SEM cells

E. Incorporation of carbon from '3C-labeled glucose into pyruvate and lactate, measured as mole
percent enrichment (MPE) from GC-MS experiments.

All data are n>3 biological replicates. *, p<0.05; **, p<0.01; ***, p<0.001.

Figure 2. IGF2BP3 supports one-carbon metabolism pathways that serve as methyl donors.

A. Heatmap depicting significantly altered metabolites from control versus IGF2BP3-deleted
SEM cells, as indicated, using targeted analysis of polar central carbon metabolites by LC-MS.
Shown are metabolites with a consistent change in both IGF2BP3-deleted lines.

B. Schematic of metabolites that are produced in one-carbon metabolism.

C-J. Intracellular abundance and steady-state incorporation of carbon from '*C-labeled glucose,
measured as mole percent enrichment (MPE), into one-carbon pathway metabolites serine,
glycine, S-adenosyl-methionine (SAM) and glutathione (GSH) in control versus IGF2BP3-

deleted SEM cells.
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734  All data are n>3 biological replicates. *, p<0.05; **, p<0.01; ***, p<0.001.

735

736  Figure 3. IGF2BP3 regulates N6-methyladenosine marks in RNA.

737  A. Western blot analysis of histone methylation (H3K4mel and H3K4me4) in SEM and Lin-
738 MLL-Af4 cells, control or deficient for IGF2BP3.

739  B. ELISA measurement of m®A modification on RNA isolated from SEM and Lin-MLL-Af4
740 cells as above.

741  C. ELISA measurement of m®A modification on RNA isolated from NALMSG6 cells, control or
742 deficient for IGF2BP3.

743 D. Dot blot analysis of m®A modification (left) and methylene blue staining in SEM cells,
744 control or deficient for IGF2BP3.

745 E. RNA m°A methylase activity (colorimetric assay, expressed as enzymatic activity) in SEM
746 cells, control or deficient for IGF2BP3.

747 F. RNA m°A demethylase activity (colorimetric assay, expressed as enzymatic activity) in SEM
748 cells, control or deficient for IGF2BP3.

749  G. ELISA measurement of m®A modification on RNA isolated from control or IGF2BP3-

750 deficient SEM and Lin-MLL-Af4 cells, following treatment with METTL3 inhibitor

751 STM2457 at 5 uM concentration.

752  H. Western blot analysis of RNA m®A-methylase and demethylase enzymes in SEM cells,
753 control or deficient for IGF2BP3.

754 1. Cell viability assays (Cell Titer Glo) on control versus IGF2BP3 deleted SEM (left) and Lin-
755 MLL-Af4 cells (right) cells treated with STM2457. Cells were grown for 3 days in the

756 presence of inhibitor prior to measurement of cell viability.
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Figure 4. IGF2BP3 regulates translation of metabolic genes.

A. MetaboAnalyst-based pathway enrichment analysis of consistently differentially regulated

metabolites in SEM cells with knockout of IGF2BP3.

B. Volcano plot showing differentially expressed genes and IGF2BP3 targets defined by eCLIP
analysis (dots exceeding the thresholds depicted by dashed lines), Putative IGF2BP3 targets
which were differentially expressed are highlighted as transparent orange, IGF2BP3
metabolic targets which were identified using Skipper (see ref. %) are highlighted in red, while
metabolic targets that were not IGF2BP3 are in blue. Grey dots are not IGF2BP3 targets.
Green dashed lines mark the significant cutoffs for diff. expression (-1/1) and sig pvalue (1).

C. Genome browser snapshots of eCLIP read coverage across some putative IGF2BP3 target

genes. Depicted are the genes with key roles in glycolysis and one-carbon metabolism and map
to the enriched terms in (A).

D. Western Blot analysis of key genes in metabolic pathways (left) and simplified schematic

depiction of genes that control metabolic pathways altered in IGF2BP3-depleted cells.

E. 10-45% Sucrose gradient fractionation of cytosolic extracts from control or IGF2BP3-depleted

SEM cells. MAT2B mRNA distribution was measured by RT-qPCR.

Figure 5. IGF2BP3 loss of function impacts glycolytic metabolism and m°A RNA

modifications in vivo.

A. ELISA Measurement of m®A modification from murine bone marrow isolated following
transplantation with Lin-MLL-Af4 bone marrow (see ref.!'?)

B. Chemical structure of I3IN-002
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C. IC50 based on cell viability, measured by CellTiterGlo, in SEM and Lin- cells, following
treatment with 13IN-002.

D. Seahorse XF Extracellular acidification rate (ECAR) kinetic trace in SEM cells treated with
vehicle or I3IN-002, a small molecule inhibitor of IGF2BP3.

E. Aggregate lactate efflux rates from Seahorse XF Analysis in SEM cells treated with vehicle of
I3IN-002.

F. ELISA measurement of m®A RNA modifications in SEM cells treated with vehicle, STM2457,
or I3IN-002.

G. ELISA measurement of m°A RNA modifications in splenic tumors isolated from mice
transplanted with Lin-MLL-Af4 cells, subsequently treated in vivo with I3IN-002.

H. ELISA measurement of m°A RNA modifications in splenic tumors isolated from mice

transplanted with human PDX B-ALL cells, subsequently treated in vivo with I3IN-002.

Figure 6. Re-expression of IGF2BP3 recovers metabolism, cell growth and RNA m°A

modifications.

A. MSCV-based construct showing bases altered to render it insensitive to sg2-mediated
CRISPR/Cas9 activity (“codon-altered”, I3CA)

B. Western blot analysis of enforced expression of IGF2BP3 in SEM cells that were previously
deleted for IGF2BP3. NT/Ctrl, SEM cells sufficient for IGF2BP3, transduced with control
vector; sg2/MIG, SEM cells deleted for IGF2BP3, transduced with control vector; sg2/I3CA,
SEM cells deleted for IGF2BP3 then transduced with codon-altered IGF2BP3. Additionally,

Western blot analysis for PKM2, MAT2A, MAT2B in SEM cells is shown.
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802 C. Western blot analysis of enforced expression of IGF2BP3 in Lin-/MLL-Af4 cells that were

803 previously deleted for IGF2BP3. NT/Ctrl, cells sufficient for IGF2BP3, transduced with
804 control vector; sg2/MIG, cells deleted for IGF2BP3, transduced with control vector; sg2/I3CA,
805 cells deleted for IGF2BP3 then transduced with codon-altered IGF2BP3. Additionally,
806 Western blot analysis for PKM2, MAT2A, MAT2B in SEM cells is shown.

807 D. Cell growth curves measured by Cell Titer Glo, over three days in SEM cells, notated as in
808 (B).

809 E. Cell growth curves measured by Cell Titer Glo over three days in Lin-/MLL-Af4 cells, notated
810 as in (C).

811 F. ELISA measurement of m®A modification in RNA isolated from SEM cells notated as in (B).
812  G. ELISA Measurement of m®A modification in RNA isolated from Lin-MLL-Af4 cells notated
813 as in (E).

814  H. Western blot analysis of Lin- cells from Igf2bp3%/® mice. Briefly, cells were isolated from

815 mice with a germline deletion of Igf2bp3, transformed with MLL-Af4, and then subjected to
816 transduction with MSCV-based constructs carrying the wild-type murine Igf2bp3. Proteins
817 that were analyzed are: Igf2bp3, Myc, Mat2a, Mat2b and Actin.

818 1. Cell growth, measured by Cell titer Glo, over 4 days, in Igf2bp3%/®’ Lin-MLL-Af4 cells
819 with enforced IGF2BP3 expression as above.

820

=

Seahorse XF Extracellular acidification rate (ECAR) kinetic trace in cells described above.

821 K. Aggregate lactate efflux rates from Seahorse XF Analysis in cells described above.
822 L. Colony formation assays from Lin-MLL-Af4 cells as described above.
823 M. ELISA measurement of m®A modification on RNA isolated from Igf2bp3%/ Lin-MLL-Af4

824 cells with enforced IGF2BP3 expression as above.
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825

826  Figure 7. IGF2BP3 promotes glycolytic metabolism and m°A RNA modifications in vivo.

3del/del mice

827  A. Percentage engraftment of CD45.2 Lin- cells in bone marrow from Igf2bp
828 transduced with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at
829 6 weeks.

830 B. Quantitation of bone marrow count in mice transplanted with MLL-Af4 re-expressing empty
831 vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

832 C. Spleen weights of mice transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or
833 IGF2BP3 in the two groups at 6 weeks.

834  D. Quantitation of spleen cell count in mice transplanted with MLL-Af4 re-expressing empty
835 vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

836 E. Quantitation of bone marrow CD11b+ cell count in mice transplanted with MLL-Af4 re-
837 expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

838 F. Quantitation of bone marrow Lin- cell count along with representative FACS plots in mice
839 transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups
840 at 6 weeks.

841  G. Quantitation of bone marrow CD11b+cKit+ cell count in mice transplanted with MLL-Af4 re-
842 expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

843  H. Quantitation of bone marrow LSK (Lin-cKit+Scal-) cell count in mice transplanted with MLL-

844 Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.
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I. Quantitation of bone marrow CDI11b+Scal- (potential LIC; Tran et al.) cell count in mice
transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups
at 6 weeks.

J. Seahorse XF Extracellular acidification rate (ECAR) kinetic trace for bone marrow cells
isolated from the empty vector (Ctrl) or IGF2BP3 re-expression group at 6 weeks (n =4, each
group; for representation n = 2).

K. Aggregate lactate efflux rates from Seahorse XF Analysis in cells described above.

L. ELISA measurement of m°A RNA modifications in splenic tumors isolated from mice
transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups

at 6 weeks.

All data are n = 2 biological replicates. *, p<0.05; **, p<0.01; ***, p<0.001.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. IGF2BP3 does not grossly regulate oxidative phosphorylation in

B-ALL cells.

A. Seahorse XF kinetic trace for Oxygen consumption rate (OCR) for control versus IGF2BP3
deleted SEM cells.

B. Maximal respiration rate measurements for control versus IGF2BP3 deleted SEM cells, as
measured in Seahorse experiments.

C. Rate of ATP generation from oxidative phosphorylation for control versus IGF2BP3 deleted
SEM cells, as measured in Seahorse experiments.

D. ATP-linked respiration measurement for control versus IGF2BP3 deleted NALM®6 cells, as

measured in Seahorse experiments.
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868 E. Maximal respiration measurements for control versus IGF2BP3 deleted NALMG6 cells, as
869 measured in Seahorse experiments.

870 F. Rate of ATP generation from oxidative phosphorylation for control versus IGF2BP3 deleted
871 NALMBG cells, as measured in Seahorse experiments.

872  G. Steady-state levels of TCA-cycle intermediates measured by GC/MS in control versus
873 IGF2BP3-deleted (I13sg2) SEM cells.

874  H. Steady-state levels of amino acids measured by GC/MS in control versus IGF2BP3-deleted
875 (I3sg2) SEM cells.

876 1. Incorporation of carbon from '*C-labeled glucose, into citric acid cycle intermediates (citrate,
877 alpha-ketoglutarate, fumarate and malate) measured as mole percent enrichment (MPE) from
878 GC-MS experiments.

879 J. Incorporation of carbon from '*C-labeled glutamine into citric acid cycle intermediates (citrate,
880 alpha-ketoglutarate, fumarate and malate), measured as mole percent enrichment (MPE) from
881 GC-MS experiments.

882  All data are n>3 biological replicates. *, p<0.05; **, p<0.01; *** p<0.001.

883

884  Supplementary Figure 2. Additional metabolites show consistent changes in both knockout
885  lines of IGF2BP3.

886  A-B. Abundance of Lactate and Fructose-1,6-bisphosphate measured by LC-MS in control versus
887 IGF2BP3-deleted (I3sg2) SEM cells

888 C-D. Abundance and incorporation of carbon from '*C-labeled glucose into Cystathionine
889 measured as mole percent enrichment (MPE) from LC-MS experiments.

890
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Supplementary Figure 3. Related to Figure 4.

A. Metabolism-specific analyses of prior datasets produced by our groups (Human Cyc 2016,
dataset from ref.!?).

B. Metabolism-specific analyses of prior datasets produced by our groups (Metabolomics
workbench metabolites, dataset from ref '°).

C. Metabolism-specific analyses of prior datasets produced by our groups (Human Cyc 2016,
dataset from ref.'!).

D. Metabolism-specific analyses of prior datasets produced by our groups (Metabolomics
workbench metabolites, dataset from ref.!!).

E. Western blot analysis of key metabolic enzymes in Lin-MLL-Af4 cells.

F. 10-45% Sucrose gradient fractionation of cytosolic extracts from control or IGF2BP3-depleted
SEM cells. PKM mRNA distribution was measured by RT-qPCR.

G-1. As in F, sucrose gradient fractionation of PSAT1, SHMT1, MTHFR mRNAs, IGF2BP3

targets that showed increases or mild decreases in protein expression levels.

Supplementary Figure 4. Related to Figure 4.

A. Western blot analysis of puromycin incorporation for studying changes in the global
translation at different time points (SUNSET Assay) in IGF2BP3 expressing and depleted cells
(left: sg2; right sg5). B-Actin (ACTIN) was used as a loading control.

B. 10-45% Sucrose gradient fractionation of cytosolic extracts from control or IGF2BP3-
depleted SEM cells. MAT2A mRNA distribution was measured by RT-qPCR.

C. Western blot analysis of the Cycloheximide Chase Assay in IGF2BP3 sufficient and depleted

cells (left: sg2; right sg5) for MAT2A. B-Actin (ACTIN) was used as a loading control and to
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normalize the change in MAT2A expression over time in the IGF2BP3 sufficient and depleted
cells. ImagelJ software was used to quantify the change in protein amounts of MAT2A over

time and plotted as a graph in terms of fold change (IGF2BP3-depleted/NT).

Supplementary Figure 5. Related to Figure 6.

A. Quantitation of bone marrow B220+ cell count in mice transplanted with MLL-Af4 re-
expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

B. Quantitation of bone marrow CD11b+Scal- cell count in mice transplanted with MLL-Af4
re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

3delidel mice transduced

C. Percentage engraftment of CD45.2 Lin- cells in spleen from Igf2bp
with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

D. Quantitation of splenic CD11b+ cell count in mice transplanted with MLL-Af4 re-expressing
empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

E. Quantitation of splenic lineage-negative cell count in mice transplanted with MLL-Af4 re-
expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

F. Quantitation of splenic LSK (Lin-cKit+Scal-) cell count in mice transplanted with MLL-
Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.

G. Quantitation of splenic CDI11b+Scal- (potential LIC; Tran et al.) cell count in mice
transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups
at 6 weeks.

H. Quantitation of splenic cKit+CD34+ (potential LIC; Lin et al.) cell count in mice transplanted

with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups at 6 weeks.
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I.  Quantitation of splenic CD11b+cKit+ (potential LIC; Lin et al.) cell count in mice
transplanted with MLL-Af4 re-expressing empty vector (Ctrl) or IGF2BP3 in the two groups

at 6 weeks.

All data are n = 2 biological replicates. *, p<0.05; **, p<0.01; ***, p<0.001.
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