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Abstract:
Uterine leiomyoma or fibroids are the most common prevalent noncancerous tumors of

the uterine muscle layer. Common symptoms associated with fibroids include pelvic
pain, heavy menstrual bleeding, anemia, and pelvic pressure. These tumors are a
leading cause of gynecological care but lack long-term therapy as the origin and
development of fibroids are not well understood. Several next-generation sequencing
technologies have been performed to identify the underlying genetic and epigenetic
basis of fibroids. However, there remains a systemic gap in our understanding of
molecular and biological process that define uterine fibroids. Recent epitranscriptomics
studies have unraveled RNA modifications that are associated with all forms of RNA
and are thought to influence both normal physiological functions and the progression of
diseases. We quantified RNA expression profiles by analyzing publicly available RNA-
seq data for 15 known epigenetic mediators to identify their expression profile in uterine
fibroids compared to myometrium. To validate our findings, we performed RT-gPCR on
a separate cohort of uterine fibroids targeting these modifiers confirming our RNA-seq
data. We then examined protein profiles of key m®A modifiers in fibroids and their
matched myometrium. In concordance with our RNA expression profiles, no significant
differences were observed in these proteins in uterine fibroids compared to
myometrium. To determine abundance of RNA modifications, mRNA and small RNA
from fibroids and matched myometrium were analyzed by UHPLC MS/MS. In addition to
the prevalent N6-methyladenosine (m®A), we identified 11 other known modifiers but did
not identify any aberrant expression in fibroids. We then mined a previously published
dataset and identified differential expression of m°A modifiers that were specific to

fibroid genetic sub-type. Our analysis also identified m®A consensus motifs on genes
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previously identified to be dysregulated in uterine fibroids. Overall, using state-of-the-art
mass spectrometry, RNA expression and protein profiles, we characterized and
identified differentially expressed m°A modifiers in relation to driver mutations. Despite
the use of several different approaches, we identified limited differential expression of
RNA modifiers and associated modifications in uterine fibroids. However, considering
the highly heterogenous genomic and cellular nature of fibroids, and the possible
contribution of single molecule m°A modifications to fibroid pathology, there is a need
for greater in-depth characterization of m°A marks and modifiers in a larger and varied

patient cohort.
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85
86 Introduction:
87 Uterine fibroids are steroid hormone-responsive, benign neoplasms of the uterus
88 composed of smooth muscles, fibroblasts, and an abundance of extracellular matrix (1,
89 2). These benign tumors are estimated to occur in around 70% of women and clinically
90 manifest in 30% of women by the age of 50 (3). Common clinical symptoms associated
91 with fibroids are heavy bleeding, pain, infertility, and recurrent pregnancy loss (4, 5).
92 Nonsteroidal anti-inflammatory drugs (NSAIDs), gonadotropin-releasing hormone
93 agonists, elective estrogen receptor modulators, aromatase inhibitors, anti-progestins,
94  and progesterone receptor modulators provide some relief but are only recommended
95 for short-term use due to variable side effects and disease recurrence. (2). Accordingly,
96 the lack of long-term therapeutic options and clinical morbidity associated with fibroids,
97 hysterectomy remains the only option for many women (6). The cost of fibroid treatment
98 and related health complications cost to the U.S. health care system is annually
99 estimated to cost $5.9 to $34.4 billion (4, 7). Fibroids remain a significant burden on
100 both health care costs and quality of life.
101 Several factors, including age, parity, ethnicity, and family history, are thought to
102 act as drivers, but direct evidence identifying etiology of the disease has been difficult
103 (4). Genome wide exome sequencing identified that 30-90% of fibroids, depending on
104  patient ethnicity and fibroid number, contained mutations in the second exon of the
105 mediator complex subunit 12 (MED12) gene (8). Additionally, chromosomal
106 rearrangement at 12g15 and 6921, leading to overexpression of the High Mobility Group

107 Al/2 (HMGA1/2) gene, has been observed in 8-35% of fibroids (9, 10). Biallelic
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108 inactivation of FH (Fumarate Hydratase), deletion of the collagen genes COL4A5 and
109 COL4A6, and mutations of the SNF2-Related CBP Activator Protein (SRCAP) complex
110 subunits are among the rarer subtypes that have been reported in uterine fibroids (11,
111 12). These chromosomal events trigger sub-type specific gene expression patterns that
112 are either shared or unigue to the genetic event (12, 13).

113 Since its discovery in 1974, methylation of adenosine on RNA (m°A or N°-
114 methyladenosine) has emerged a major post-transcriptional RNA modification (14). The
115 past decade has seen a resurgence in examining the role of m°A RNA modifications in
116 regulating RNA processing, splicing, export, stability, and translation (15).
117  Transcriptome-wide profiling of m°A modification identified the modification as wide-
118 spread, highly selective, and dynamic in nature, with levels varying in development and
119 cellular stress (16, 17). Addition of m®A sites is catalyzed by the “writer” proteins,
120 specifically by the catalytic activity of Methyltransferase-like protein 3, METTL3, and
121 target RNA binding activity of methyltransferase-like protein 14 (METTL14) (18). In
122  addition to METTL3, other regulatory proteins involved in the process include
123 methyltransferase-like protein 16 (METTL16), Wilms tumor 1-associated protein
124  (WTAP), RNA-binding motif 15 (RBM15), Cbl proto-oncogene-like protein 1 (CBLL1),
125  zinc-finger CCCH-type-containing 13 (ZC3H13), and Vir-like m°A methyltransferase-
126  associated (VIRMA) (or also known as KIAA1429) (18, 19). Following addition of m®A
127  modification, biological consequence is regulated by specific RNA-binding proteins, or
128 ‘“readers”. These readers recognize and bind to the DRACH (D=A, G or U, R= G or A,
129 and H= A, C, or U) consensus sequence of modified RNA transcripts leading to

130 regulation of gene expression and modulation of diverse processes including splicing,
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131 mRNA stabilization, and translation efficiency. Reader proteins include YTHD domain
132  protein family (YTHDC1, YTHDC2, YTHDF1, YTHD2, and YTHDF3) (20). In addition,
133 heterogenous nuclear ribonucleoprotein (HNRNP) protein, HNRNPA2B1, has been
134  shown to regulate m®A-modified transcript including a subset of primary miRNA (21).
135 Two proteins, fat mass and obesity-associated protein (FTO) and alkB homologue 5
136  (ALKBHS5) have been identified as m°A demethylases or “erasers” due to their ability to
137  remove m°A marks (20). Altered expression of these eraser proteins can contribute to
138 atypical cellular functions and physiological activity thereby promoting tumorigenesis
139 (18, 20).

140 To date multiple studies carried out by us, and others have identified differential
141 DNA methylation patterns, histone modifications, altered miRNA and long noncoding
142 RNA expression as they relate to uterine fibroidogenesis (11-13, 22-24). However, an
143  in-depth characterization of m°A modifiers and RNA modifications in uterine fibroids is
144  lacking. The goal of this study was to investigate expression patterns of the vast array of
145 m°®A modifier proteins and RNA modifications in both mRNA and small RNA as they
146  relate to uterine fibroids compared to myometrium.

147  Material and methods:

148 Human Tissue collection and Sample Preparation

149 Matched samples of human myometrium and fibroid samples were collected from
150 pre-menopausal women undergoing hysterectomy for symptomatic uterine fibroids. Use
151 of human tissue was approved by the University of Nebraska Medical Center (IRB#
152 112-21-EP) and University of Kansas Medical Center (IRB#:. 5929), and all patients

153 signed a written informed consent form to donate tissue for this study. Human samples
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154  were processed as previously described (13). Upon arrival, samples were minced and
155 sub-divided for a) RNA extraction and b) protein isolation for western blots and then
156 immediately flash frozen and stored at -140 °C.

157 RNA extraction

158 Total RNA was extracted from freshly frozen samples as previously described
159 (13). Following total RNA extraction by Trizol, mRNA from fibroids and matched
160 myometrium (n=6) was isolated by two rounds of purification using olido-dT Dynabeads
161 mRNA DIRECT Micro kit (Dynabeads) according to manufacturer’s protocol. Depending
162 on patient sample, 8-50 pg total RNA was used per purification column. Integrity and
163  purity of isolated mMRNA was evaluated using Fragment Analyzer Automated CE System
164 (Advanced Analytical Technologies, Inc). RNA Integrity Numbers (RINS) were used to
165 evaluate integrity and samples with RIN >7.0 were considered intact and used for
166 further downstream LC-MS/MS analysis.

167 Small RNA (<200 bp) was isolated from fibroids and matched myometrium (n=5)
168 using mirVana miRNA isolation kit (Thermo Fisher Scientific) according to
169 manufacturer’'s protocol. Following isolation, small RNA purity was confirmed using
170 Fragment Analyzer Automated CE System (Advanced Analytical Technologies, Inc).
171 Quantitative real-time PCR (RT-qPCR)

172 cDNA was synthesized from 1ug total RNA using gScript cDNA synthesis kit
173 (Quantbio, Beverly, MA). Quantitative Real rime PCR (RT-gPCR) analysis was
174  performed on genes of interest (Supplementary Table 1) using SYBRGreen (BioRad).
175 Sso Fast EvaGreen Supermix was performed to analyze gene expression on a BioRad

176 CFX96 Real-Time System (BioRad, Hercules, CA). Relative quantification of gene of
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177 interest was established using RPL17 as reference and calculated using the

178 comparative Ct method.

179 LC-MS/MS Analysis of RNA Chemical Modifications

180 Measurement of the levels of RNA chemical modifications was performed using
181 ultra-performance liquid chromatography coupled with tandem mass spectrometry
182 (UHPLC-MS/MS) by a method similar as described (25-27). Briefly, Total amount of 100
183 ng of small RNA or mRNA was digested with a Nucleoside Digestion Mix (New England
184  BiolLabs) according to the manufacturer’s instruction. The digested samples were then
185 lyophilized and reconstituted in 100 pl of RNAse-free water, 0.01% formic acid prior to
186 UHPLC-MS/MS analysis. The UHPLC-MS/MS analysis was accomplished on a Waters
187 XEVO TQ-S™ (Waters Corporation, USA) triple quadruple tandem mass spectrometer
188 equipped with an electrospray source (ESI) source maintained at 150 °C and a capillary
189 voltage of 1 kV. Nitrogen was used as the nebulizer gas, which was maintained at 7
190 Dbars pressure, flow rate of 1000 I/h and at temperature of 500°C. UHPLC-MS/MS
191 analysis was performed in ESI positive-ion mode using multiple-reaction monitoring
192 (MRM) from ion transitions previously individually determined for these RNA chemical
193  modifications (28). A Waters ACQUITY UPLC™ HSS T3 guard column, 2.1x 5 mm, 1.8
194  um, attached to a HSS T3 column, 2.1 x50 mm, 1.7 um was used for the separation.
195  Mobile phases included RNAse-free water (18 MQcm™) containing 0.01% formic acid
196 (Buffer A) and 50% acetonitrile (v/v) in Buffer A (Buffer B). The digested nucleotides
197 were eluted at a flow rate of 0.2 ml/min with a gradient as follows: 0-1 min, 0 %B; ramp

198 10 0.2% B in 1.4 min; then to 0.8% in 1.4 min, 3.8-5.2 min, 0.8-1.8% B; 5.2-6.6 min,
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199 1.8-3.2%B; 6.6-10 min, 3.2-5.0% B;10-13.5 min, 5-8%B; 13.5-18 min, 8-30%B; in 0.5
200 min to 100% B and kept for 1.5 min. The total run time was 25 min. The column oven
201 temperature was kept at 25 °C and the sample injection volume was 10 pyl. Three
202 injections were performed for each sample. Data acquisition and analysis were
203 performed with MassLynx V4.1 and TargetLynx. Calibration curves were plotted using

204  linear regression with a weight factor of 1/x.

205 Western Blot

206 Protein was isolated from fibroids and matched myometrium by homogenization
207 in Radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and
208 phosphatase inhibitors. Following isolation, lysate protein concentration was quantified
209 using the Pierce BCA Protein assay kit and 10 pg of protein were separated on a 10%
210 SDS-PAGE and transferred onto nitrocellulose membranes (Amersham). Membranes
211  were blocked in 5% BSA in Tris-buffered saline with 0.1% Tween-20 (TBST) at room
212 temperature for 1 h and probed with METTL3 (1:1000; 15073-1-AP; Proteintech),
213 METTL14 (1:1000; 26158-1-AP; Proteintech), RBM15 (1:1000; VIRMA (1:1000; 25712-
214  1-AP; Proteintech), WTAP (1:1000; 10200-1-AP; Proteintech) , CBLL1 (1:1000; 21179-
215 1-AP; Proteintech), FTO (1:1000; 27226-1-AP; Proteintech), ALKBH5 (11:1000; 6837-1-
216 AP; Proteintech), and B-actin (1:5000; A5441; Sigma) antibodies at 4 °C overnight.
217 Following washes in TBST, membranes were blocked in secondary HRP-conjugated
218 antibodies (1:10,000) in 5% BSA in TBST for 1 h, washed, and imaged using iBright
219 system (ThermoFisher). Densitometry analysis was performed using Image J. All
220 protein levels were normalized to respective ACTB which served as loading control.

221  Statistics
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222 RNA-seq data (13) were filtered, normalized, and converted to log2-counts per
223  million (CPM) value per sample. The study included two factors: within-subject factor
224  tissue (Fibroid or Normal) and the between-subject factor race (B or W). For each gene,
225 linear mixed models were used to assess the race effect and tissue effect on the mean
226 normalized gene expression levels (log,CPM), accounting for correlations between
227 observations from the same patient. We are interested in the following hypothesis
228 testing: whether the race effect on the normalized gene expression level was significant
229 in fibroids and normal tissues respectively, whether the tissue effect on the normalized
230 gene expression level is significant in black and white patients respectively, and
231 whether the tissue effect alters in black patients compared to white patients per gene.
232 The associated p-values for each comparison on each gene were adjusted by the false
233 discovery rate (FDR) method of Benjamini and Hochberg method (1) due to multiple
234  hypotheses testing. Differentially expressed genes were identified as those having an
235 FDR below 0.05.

236 Statistical analyses were performed using GraphPad Prism 9.0. The Student’s t-
237 test was used to compare fibroid samples to myometrium and significance level was set
238 at P<0.05. Sample numbers are indicated in all figure legends. Data presented in

239 graphs are expressed as mean £ SEM.

240 Results:

241  Transcriptomic expression of m°A regulators in uterine fibroids

242 To assess a possible role for m°A modifications in uterine fibroids, we first tested
243 whether m°A regulators are differentially expressed in fibroids versus normal

244  myometrium. Paired analysis of published RNA-seq (13) data revealed little to no

10
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245 difference in the transcriptomic expression levels of writers (METTL3, METTL14,
246 METTL4, CBLL1, VIRMA, WTAP, RBM15, ZC3H13), readers (HNRNPA2, YTHDF1,
247 YTHDF2, YTHDC1, YTHDC2), and erasers (FTO and ALKBHS5) in normal myometrium
248 and fibroids [(13)] (Figure 1a). Analysis of a separate published microarray dataset (29)
249 confirmed the overall lack of difference (Figure 1b). While most genes tested displayed
250 little or no overall differences (Suppl. Figure 1), we did note one candidate (RBM15)
251 that displayed a slight, but statistically significant difference when comparing the
252  transcript levels across the samples (Figure 1c). To confirm our finding, we performed
253 RT-gPCR on a separate set of fibroids and matched myometrium patient samples,
254  however, for most m°A modifiers (METTL3, YTHDC1, FTO) we did not see correlation
255 with RNA-seq data probably due to the extreme modest changes observed between
256  fibroids and myometrium (Suppl. Figure 2). RT-gPCR confirmed RBM15 expression
257 was slightly, but significantly different when comparing fibroids with matched
258 myometrium (Figure 1d).

259 Previous studies identified differential expression of mRNA and miRNA between
260 fibroids isolated from Black and White women indicating these candidate factors could
261 drive racial disparity of the disease (30, 31). We therefore examined published RNA-seq
262 data for racial differences in the expression of m°A modifiers (13, 32, 33). Overall, we
263 detected higher variation among datapoints (Suppl. Figure 3) and did not detect race
264  specific molecular disparity within normal myometrium or fibroids, within Black and
265 White women (Suppl. Figure 4). However, while RBM15 was statistically significantly

266 upregulated in fibroids compared to normal myometria in White women (Figure 2a,

11
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267 p=0.035), it showed similar trends but was not statistically significant in Black women
268 (Figure 2b, p=0.06).

269

270  Protein expression of m°A modifiers in uterine fibroids

271 To identify differences in protein levels, we performed western blot analysis on
272 key m°A modifier proteins (Figure 3). We found that, while some individuals displayed
273 differences (Figure 3a), the overall levels of these m°A modifiers were not significantly
274  different between normal myometrium (n= 19) and fibroids (n= 26) (Figure 3b). Indeed,
275 even though our expression analysis revealed subtle differences in RBM15 transcript
276 levels (Figure 1c-d), there was no significant difference in RBM15 protein expression
277  within fibroids (n=23) and matched myometrium (n=19) (Figure 3a-b). Altogether, these
278 data indicate an overall lack of protein expression differences of m°A modifiers between
279 fibroids and myometrium.

280 Abundance of mRNA and small RNA modifications in uterine fibroids

281 In light of the overall lack of changes in m°A modifier expression, we next
282 considered the possibility of differential methylase and demethylase activity between
283 fibroids and myometrium. To measure m°A, mRNA was isolated, and concentration of
284 modified RNA nucleosides was measured by UHPLC-MS/MS. No differential signal
285 abundance of m°A was observed between fibroids and matched myometrium (Figure
286 4a). We extended our analysis to other well characterized mRNA modifications that
287 have been identified in eukaryotes and known to impact various cellular functions (34)

288 to determine if these were dysregulated in uterine fibroids. We did not identify any

12


https://doi.org/10.1101/2023.08.07.552278
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.07.552278; this version posted August 9, 2023. 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.

289 additional modifications (m°C, m’G, ac’c, m'A, f°C, dA, ho’u) to have altered
290 abundance in our fibroid samples versus myometrium samples (Figure 4b-h).

291 In addition to MRNA, small RNAs (<200 bps) are known to harbor diverse RNA
292  modifications that can modulate complex biological processes (35). Small RNAs have
293 been identified to be differentially expressed in fibroids and thought to regulate multiple
294  processes that influence uterine fibroid development and progression (31). Following
295 isolation of small RNA from normal myometrium and matched fibroids, we measured
296 post translational RNA modifications. We were unable to detect differential expression
297 of m°A levels in our fibroid samples and myometrium samples (Suppl. Fig 5a). We
298  simultaneously measured other modified nucleoside abundance including, m*A, i°A,
299 ac’c, m°C, m®C, f°C, m'G, m’G, mo°U, ho°U, m°U that have been implicated to regulate
300 translational machinery and influence physiological processes (35). Our analysis did not
301 identify these modifications to be differentially expressed (Suppl. Fig 5b-l), indicating
302 an absence of preferential small RNA modifications in fibroids.

303 Characterization of m6A modifiers with respect to genetic sub-type.

304 Uterine fibroids are driven by multiple driver mutations, including MED12,
305 HMGA1, HMGA2, FH and the more recently characterized mutation in the SRCAP
306 complex subunits (11-13). Multiple studies both from our lab and others have shown
307 that normal myometrium and these driver mutations form separate transcription clusters
308 indicating altered pathways are activated in these genetic subtypes (11-13). To define a
309 broader clinical perspective, we mined gene expression profiles of 162 normal
310 myometrium and 190 fibroid samples that were recently published by Berta et al (11).

311 These fibroid samples were divided into MED12 (n=38), HMGA2 (n=44), HMGA1

13
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312 (n=62), FH (n=15), YEATS (n=16) and OM (n=15) allowing capture of majority of fibroid
313 subtypes as described (11). We mapped each genetic sub-type against fold change to
314 determine if these modifiers were preferentially expressed (Figure 5). We identified
315 statistical, though modest changes in majority of epigenetic regulators based on
316 mutation status. Among the readers, METTL3 was found to be significantly upregulated
317 in HMGA2 (log2- fold 0.11) and YEATS (log 2-fold 0.15) sub-type fibroids (Figure 5a).
318 METTL14 on the other hand was significantly downregulated in MED12 (log 2-fold -
319 0.16) and HMGAZ2 (log 2-fold -0.08) fibroids, while upregulated in YEATS (log 2-fold
320 0.12) fibroids but was not statistically significant (Figure 5b). In congruence with our
321 RNA-seq analysis (Figure 1, Suppl. Figure 1), RBM15 was upregulated in almost all
322 fibroid sub-types (Figure 5g). Among writer proteins, YTHDF1 was upregulated in
323 majority of fibroid sub-types (Figure 5k), while YTHDC2 was significantly
324  downregulated in HMGAL (log 2-fold -0.09), FH (log 2-fold -0.16), YEATS (log 2-fold -
325 0.13) fibroid subtype (Figure 5n). There was elevated expression of m°A demethylase
326 ALKBHS5 in majority of fibroid sub-types (Figure 50), while mRNA expression of FTO
327 was significantly decreased in all sub-types (Figure 5p).

328 We next harnessed mammalian m°A predictor, SRAMP (sequence-based RNA
329 adenosine methylation site predictor)(36) to predict if key fibroid genes identified by us
330 and others (11-13), had m°A sites in their mRNA (Supplementary Table 2). We
331 identified a collection of putative m°A sites with varying levels of confidence in steroid
332 hormone receptor genes, (Progesterone Receptor (PGR), Estrogen Receptor (ESR1)),
333 transcription factors (Pleomorphic adenoma gene 1 (PLAG1), Pappalysin 2, (PAPPA2),

334 Chromobox 2 (CBX2), Chromobox 4 (CBX4), Chromobox 8 (CBX8), SATB homeobox 2
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335 (SATB2)), DNA repair protein (RAD51 Paralog B (RAD51B)), steroidogenic genes
336  (Hydroxysteroid 17-beta dehydrogenase 6 (HSD17B6), steroid 5 alpha-reductase 2
337 (SRD5A2), tryptophan 2,3-dioxygenase (TDO2)), collagen associated genes (ADAM
338 metallopeptidase domain 12 (ADAM12), Collagen type | alpha 1 chain (COL1A1l),
339 collagen type 3 alpha 1 chain (COL3A1), Periostin (POSTN)) and growth factors Cyclin
340 D1 (CCND1), vascular endothelial growth factor A (VEGFA)). These in silico analysis
341 suggests that key fibroid genes are possibly susceptible to RNA modification and
342  subsequent transcriptional regulation. However, in-depth analysis will be required to
343  define transcriptome-wide m®A location and efficacy of these marks in fibroid etiology.
344  Discussion:

345 Over 170 RNA modifications have been identified of which m°A accounts for the
346 most abundant and widespread mRNA internal modification (20, 37). The diverse
347  distribution patterns, its dynamic nature, and ability to regulate multiple physiological
348 processes has added another layer to post-transcriptional regulation. Multiple studies
349 have now identified that regulaton of mPA is driven by methyltransferases,
350 demethylases, or reader proteins and dysregulation of which is closely associated with
351  human cancers (38). In reproductive cancers, m°A modifiers were identified to regulate
352 ovarian, endometrial, and cervical cancer (39, 40). However, characterization of m°A
353 moadification proteins have not been defined in uterine fibroids. Here, for the first time,
354 we provide an in-depth characterization of major modifiers of m®A modification as it
355 relates to uterine fibroids.

356 The mP®A methyltransferase complex is comprised of a METTL3/METTL14

357 heterodimer core that adds m®A in a highly specific manner (41). Due to the enzymatic
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358 ability of METTL3 which allows addition of m°A to nuclear RNA, we paid special
359 attention to both its transcriptomic and protein abundance in fibroids. Our analysis did
360 not identify differential expression in either RNA or protein of METTLS3 in uterine fibroids
361 in absence of mutation status. Lack of differential m°A RNA modification was also
362 observed in our LC-MS/MS data from both purified fractions of mMRNA and small RNA
363 (Figure 3A; Supplementary Figure 3A). However, increased expression of METTL3
364 has been reported and could be attributed to patient and fibroid heterogeneity (42, 43).
365 When broken down by fibroid sub-type, we see mild increased expression of METTL3
366 mMRNA in HMGA2 and YEATS fibroid (Figure 4A). METTL3 and METTL14 form a 1:1
367 heterodimer and recognize the DRACH motif leading to induction of m°A modification
368 on mMRNA (44, 45). Inactivation or deletion of METTL14 results in depletion of m°A in
369 mRNA, identifying it as a core regulator of m°A addition (46). While no significant
370 changes were observed in transcriptomic and protein levels of METTL14 in global
371 fibroid samples, we identified changes when pared down by fibroid genetic sub-types. In
372  addition to METTL3 and METTL14, other core components are known to mediate m°A
373 addition. Among these include WTAP which interacts and anchors METTL3 and
374 METTL14 to nuclear speckles regulating gene expression and alternative splicing (34).
375 WTAP interacts with another well-known m°A mediator, VIRMA (46, 47). Apart from
376 VIRMA, ZC3H13 is another WTAP interactor and shown to be required for nuclear
377 localization of the writer complex (20, 37). CBLL1 has also been shown to couple with
378 WTAP (20, 37) and loss of CBLL1 led to reduction of global m°A levels, identifying it as
379 another writer protein. WTAP expression was found to be increased in YEATS fibroid

380 and decreased in MED12 mutants. While VIRMA and ZC3H13 were increased in
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381 YEATS fibroid and CBLL1 was increased only in HMGAZ2 fibroids. Among writer
382 proteins, we saw increased transcriptomic expression of RBM15 in both global (Figure
383 1G), by race (Suppl Figure 2 a) in multiple fibroid genetic sub-type (Figure 4G).
384 However, protein levels were not significantly changed in fibroids (Figure 2a, 2b).
385 RBM15 has been identified as part of m°A writer complex and shown to bind the long
386 non-coding RNA, XIST. Knocking down RBM15 decreased m°A methylation on XIST
387 RNA, leading to reduced XIST mediated gene silencing (48). XIST has been identified
388 to regulate fibroid pathology by sponging miR-29¢c and miR-200c leading to increased
389 expression of COL1Al, COL3Al, and FN1, key regulators of extracellular accumulation
390 (49). As an RNA binding protein, in addition to its role as a m®A modulator, RBM15
391 regulates splicing of key differentiation genes involved in hematopoietic stem cells
392 quiescence (50). A hypothesis put forward to define uterine fibroid etiology is
393 reprogramming of myometrial stem cells leading to fibroid development (51). Whether
394 RBM15 plays a role in regulating cell fate decision of myometrial cells and if so, does it
395 mediate its action through m°A or alternative splicing, and its contribution to uterine
396 fibroid pathogenesis remains to be explored.

397 There are five YTH domain-containing proteins (YTHDC1-2 and YTHDF1-3) that
398 have been structurally identified to recognize m°A through a conserved aromatic cage.
399 YTHDF 1-3 is cytoplasmic, YTHDCL1 is predominantly nuclear, while YTHDC2 can be
400  both nuclear and cytoplasmic. YTHDF1 has been linked to enhanced translation of m°A
401 mRNA, while YTHDF2 binding leads to RNA degradation bought about by recruitment
402 of CCR4-NOT deadenylation complex. Finally, YTHDF3 cooperatively binds to YTHDF1

403 and YTHDF2 regulating translation and degradation thereby impacting gene expression

17


https://doi.org/10.1101/2023.08.07.552278
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.07.552278; this version posted August 9, 2023. 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.

404  profile of m°A- containing mRNA (20, 52). Among YTHDF1-3, statistical significance
405 was identified only in YTHDF1 (Figure 4K-O). In addition to regulating m°A mRNA,
406 YTHDC1 also appears to mediate function of long noncoding RNA, in particularly XIST
407 and regulating transcriptional silencing of the X-chromosome (48, 53). Transcript levels
408 of both YTHDC1 and YTHDC2 were found to decreased in some variation in all fibroid
409 genetic subtypes.

410 Two mPA demethylases, FTO and ALKBHS5, have been identified that are able to
411  convert m°®A to A and regulate global m°A levels. FTO and ALKBHS5 have been reported
412 to be dysregulated in diverse diseases leading to m°A demethylation, modulation of
413 gene expression downstream and influencing biological consequence (54, 55). With
414 relation to fibroid genetic subtype, we saw an inverse correlation with regards to
415  transcript profiles between ALKBHS5 and FTO, indicating that these demethylases are
416 nonredundant and exhibit distinct epigenetic regulation.

417 There is a strong racial disparity in the disease, with Black women presenting
418 with an earlier onset of the disease and greater severity (56). We postulated that
419 fibroids from Black women could exhibit differential expression of m°A modifiers when
420 compared to White women. Transcriptomic analysis of m°A modifiers identified
421  increased transcript expression of RBM15 in fibroids from White women (Suppl Figure
422  2), but not Black (Suppl Figure 2b) indicating that there might be differential m°A levels
423  between fibroids obtained from White and Black women but will need confirmation in a
424  much larger cohort of patient samples.

425 Altered levels of modifiers based on genetic sub-type, led us to explore if genes

426  known to be associated with fibroids had specific m°A methylation patterns. As uterine
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427  fibroids rely on estrogen and progesterone to grow, increased levels of ESR1 and PGR
428 may affect underlying molecular pathways driving fibroid growth and progression.
429  Traditionally anti-progestins are prescribed to reduce uterine bleeding and decrease
430 fibroid volume (57-62). In silico analysis identified multiples sites on ESR1 and PGR that
431 could harbor m°A modification with moderate and high confidence, indicating that
432  transcript abundance of these key steroidogenic receptor molecules may be regulated
433  post-transcriptionally. SRAMP analysis also predicted m®A modification sites on several
434  transcription factors that were implicated to regulate uterine fibroids, namely, PLAG1,
435 PAPPA2, CBX2, CBX4, CBX8, SATB2. Transcript levels of PLAG1 and PAPPA2 were
436 identified to have elevated expression in HMGA1/2 uterine fibroids (13). While CBX2,
437 CBX4, CBX8, SATB2, have been previously implicated in uterine fibroidogenesis(11,
438 13, 63). DNA repair protein, RAD51B is upregulated in MED12, HMGA1, and HMGA?2
439 fibroids suggesting a cell response to genomic instability and a possible “second-hit”
440 pushing normal myometrial cells to tumorigeneses (64). In addition, in silico analysis
441  identified m°A marks on TDO2 mRNA, a key enzyme catalyzing the conversion of
442  tryptophan to kynurenine which was recently identified to be upregulated in MED12
443 mutant fibroids and dependent on race (65-67). TDO2 inhibitor, 680C91, reduced
444  expression of COL1A1 and COL3Al1, genes involved in collagen production and
445  extracellular matrix (ECM) accumulation, in primary uterine fibroid culture (65). More
446 recently, primary myometrial cells treated with mono(2-ethyl-5-hydroxyhexyl) phthalate
447 (MEHHP), increased expression of TDO2, promoting tryptophan metabolism. Depletion
448 of TDO2 reduced proliferative action of MEHHP on primary fibroid cells identifying it as

449  pro-survival factor. Our in-silico analysis also identified m°A marks on COL1A1,
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450 COL3Al, and POSTN, known structural constituents of ECM organization. Notably, in
451  triple negative breast cancer cells, increased expression of METTL3 was negatively
452  correlated with COL3A1 expression (68). We and others identified increased expression
453 of POSTN and characterized its role as potential regulator of fibroidogenesis (69, 70).
454 POSTN has also been identified to be regulated by through m°A modification during
455 cardiac remodeling (71). CCND1 and VEGFA, other known regulators of uterine
456 fibroids (13, 72, 73) were similarly ordained with m°A modifications in their RNA.
457 CCNDL1 has been identified to be regulated through its m°A modification and influence
458 hematopoietic stem/progenitor cells differentiation (74).

459 In summary, while global transcriptomics and protein levels were unchanged, we
460 identified modest genetic sub-type expression of m°A modifiers. Our analysis did
461 identify transcript levels of RBM15 to be consistently increased but differential
462  expression in protein levels were not detected. While modest (1-1.4-fold), we identified
463  statistically significant differential expression, indicating that driver mutations could
464  regulate m°A deposition in a fibroid specific subtype manner. Characterization of key
465 fibroid genes identified multiple m°A marks indicating the possibility of interplay between
466 methylation and mMRNA expression and downstream deregulation of biological
467 processes. However, in-depth sequencing and characterization of m°A sites will be
468 needed to be performed to further define the possibility of m°A in fibroid pathology.
469 Since protein abundance can be post-transcriptionally regulated and protein levels are
470 not always correlated with mRNA levels (75), the discovery of m®A marks and modifiers
471 in uterine fibroids opens the field to additional effector molecules that were previously

472  unappreciated in tumor formation. While our studies did not identify difference in protein
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473  expression or RNA modifications in uterine fibroids, an in-depth approach with larger
474  patient cohorts with regards to genetic sub-types and race will be needed to define
475 expression profiles and validate possible influence of RNA modifications on fibroid
476  pathogenesis and progression.

477
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Figure 1: Transcriptomic analysis of m8A modifiers in uterine fibroids. a-b. RNA-seq (a) and
microarray (b) analysis of leiomyoma and matched myometrium. Transcript abundance
quantified as counts per million (CPM) from myometrium (Myo, x-axis) and leiomyomas (Leio, y-
axis). Diagonal represents no differences, while the dashed lines represent 1.5 fold changes.

c. The log2 counts per million (log, CPM) from myometrium (n=9) and fibroids (n=12) of
RBM15. Data are represented as means + SEM. Statistically significant differences between
groups were calculated with paired student’s t-test. P-values for each comparison is reported. d.
Relative expression of RBM15 in myometrium and matched fibroid samples measured by RT-
gPCR (n=18). Results are presented relative to RPL17. Statistically significant differences
between groups were calculated with paired student’s t-test. P-values for each comparison is
reported.
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Supplementary Figure 1: Transcriptomic analysis of m®A modifiers in uterine fibroids. RNA-seq
analysis of normalized expression of leiomyoma and matched myometrium (SRP166862). The
y-axis is signal abundance quantified as log2 counts per million (log,CPM) from myometrium
(n=9) and fibroids (n=12). a-f. mMRNA expression of m6A writers (METTL3, METTL14, METTL4,
Readers (ZC3H13, HNRNPA2, YTHDF1, YTHDF2, YTHDC1,
YTHDC?2), and erasers (m, n), (ALKBH5, FTO). Data are represented as means + SEM.
Statistically significant differences between groups were calculated with paired student’s t-test.

CBLL1, VIRMA, WTAP). g-l.

FDR values for each comparison is reported.
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Supplementary Figure 2: RT-gPCR analysis of m®A modifiers in uterine
fibroids and matched myometrium. RNA levels of (a) METTL3 (n=12), (b)
METTL14 (n=6), (¢c) METTL16 (n=6), (d) VIRMA (n=6), (e) YTHDF1
(n=6), (f) YTHDF2 (n=6), (g) YTHDF3 (n=6), (h) YTHDC1 (n=6), (i)
ALKBHS5 (n=6), (j) FTO (n=6). Results are presented relative to RPL17.
Statistically significant differences between groups were calculated with

paired student’s t-test. P-values for each comparison is reported.
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Supplementary Figure 3: Analysis of

leiomyoma and matched myometrium

(PRJNA859428 ,GSE207209. Transcript abundance quantified as counts per million (CPM)
from myometrium (Myo, x-axis) and leiomyomas (Leio, y-axis). Diagonal represents no
differences, while the dashed lines represent 1.5 fold changes.
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Supplementary Figure 4: Transcriptomic analysis of mfA modifiers in normal myometrium
and leiomyoma in White and Black women. RNA-seq analysis (SRP166862) of normalized
expression of leiomyoma and matched myometrium (GSE120854). The y-axis is signal
abundance quantified as log2 counts per million (log2 CPM ). a. mRNA expression in normal
myometrium from White (n=4) and Black (n=5) women. b. mRNA expression in leiomyoma
from White (n=6) and Black (n=6). Data are represented as means + SEM. FDR for each
comparison is reported.



https://doi.org/10.1101/2023.08.07.552278
http://creativecommons.org/licenses/by-nc-nd/4.0/

-4

10
p=0.631 Il Myometrium
= sz =% B Leiomyoma
A ] ="
o 8 p=0.649 E - p=0.105
2 ey
= gL rome osss T[]
c - 0323 H p0g2e P00 o H EIH q
o Gfp_ ET E: g_ - N
-CTJ I p:ﬁag p:O_.OSS p=0_'999 ElH ﬂ
g |7 gy - o
5 o Bf]
(b} 4 E'
P _
5 d Race: White
Q)
2
IR R TN R S NI O NS R SRS
P S S & F S ' E <
@@Qé“&o%*‘\&@g&-éﬁﬁw
b
12
[l Myometrium
s Leiomyoma
% 10 p=0296 - Y
oY 0.389 E"l
3 a.
— 8 — =
8 p=0.700 p=0.629 p=0.206 P=0539
— = 0.682 T T
% E_D p=0842 p=0219 [ | éj El':
g 6 —p=0.219 p=0.774 ©  p=0080 p=0.389 ;L |;|£| =
> U7 85 pose 7% g =
8 .| El éll_I
(O] L - Race: Black
O]
2
RGN SO - . S N s N R~ R e
&K @S SN PSSO & KL
&@“\&0*\@&&@@4«&@&

Figure 2: Transcriptomic analysis of m8A modifiers in leiomyoma and matched myometrium in White and
Black women. RNA-seq analysis (SRP166862) of normalized expression of leiomyoma and matched
myometrium (GSE120854). The y-axis is signal abundance quantified as log2 counts per million (log2
CPM). a. mRNA expression in normal myometrium (n=4) and leiomyoma (n=6) from white women. b.
MRNA expression in normal myometrium (n=5) and leiomyoma (n=6) from black women. Data are
represented as means + SEM. FDR for each comparison is reported.
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Figure 3: Western blot analysis of méA modifiers in leiomyoma. Proteins were isolated from uterine
leiomyoma and matched myometrium and probed for m®A modifier proteins. (A) Representative western
blots of METTL3, WTAP, CBLL1, VIRMA, METTL14, RBM15, FTO, and ALKBH5. ACTB was used as
loading control. M=Myometrium; L=Leiomyoma. P denotes individual patient samples. (B) Data was
quantified for METTL3 (myometrium (n=19) and leiomyoma (n=26), RBM15 ( myometrium (n=15) and
leiomyoma (n=23), WTAP, CBLL1, VIRMA, METTL14, FTO, and ALKBH5, were quantified from 12
paired fibroids and matched myometrium patient samples. Statistically significant differences between
groups were calculated with paired student’s t-test. P-values for each comparison is reported.
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Figure 4: mRNA modifications from normal myometrium and matched fibroids. The y-axis is signal
abundance quantified as pg/pl myometrium (n=6) and matched fibroids (n=6). Changes in (a) N¢-
methyladenosine (m®A), (b) 5-methylycytosine (m5C), (c¢) N’-methylguanosine (m’G), (d) N4
acetylcytidine (ac*C), (e) N'-methyladenosine (m'A), (f) 5-Formylcytidine (f°C), (g) 2’-deoxyadenosine
(dA), (h) 5-hydroxyuridine (hoU) were measured. Statistically significant differences between groups
were calculated with paired student’s t-test. P-values for each comparison is reported.
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Supplementary Figure 5: small RNA modifications from normal myometrium and matched
fibroids. The y-axis is signal abundance quantified as pg/ul myometrium (n=5) and matched
fibroids (n=5). Changes in (a) N6-methyladenosine (mfA), (b) N'-methyladenosine (m'A), (c) Né-
isopentenyladenosine (i6A), (d) N*-acetylcytidine (ac*C), (e) 5-methylycytosine (m5C), (f) N3-
methylcytidine (m3C), (g) 5-Formylcytidine (f°C), (h) N' methylguanosine (m'G), (i) N’-
methylguanosine (m’G), (j) 5-methoxyuridine (moSU) (k) 5-hydroxyuridine (ho%U), (I) 5-
methyluridine (m°U) were measured. Statistically significant differences between groups were
calculated with paired student’s t-test. P-values for each comparison is reported.
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Figure 5: Expression profile of méA modifiers in relation to fibroid genetic sub-types. Gene expression of
mBA modifiers mapped in relation to fibroid genetic sub-types as defined by Berta et al (11). Y-axis
denotes fold-change, and each genetic subtype is denoted in the X-axis. MED12 (Mediator complex
subunit 12), HMGA1/2 (High Mobility group A1/2), FH (Fumarate Hydratase), YEATS (YEATS domain
containing 4), OM (Other Mutations as defined by alteration of other members of the SRCAP complex
subunits). MED12 (n=38), HMGA2 (n=44), HMGA1 (n=62), FH (n=15), YEATS (n=16) and OM (n=15).
Reader proteins (a-h), Writers (i-n), and Erasers (o, p). Statistical significance was set at FDR <0.05 and
value for each comparison is reported.



https://doi.org/10.1101/2023.08.07.552278
http://creativecommons.org/licenses/by-nc-nd/4.0/

