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Abstract

Recently, we found anovulation in nuclear progestin receptor (Pgr) knockout (Pgr-KO) zebrafish,
which offers a new model for examining Pgr regulated genes and pathways that are important for
ovulation and fertility. In this study, we examined expression of all transcripts using RNA-Seq in
pre-ovulatory follicular cells collected after the final oocyte maturation, but prior to ovulation,
from wild-type (WT) or Pgr-KO fish. Differential expression analysis revealed 2,888 genes
significantly differentially expressed between WT and Pgr-KO fish. Among those, 1,230 gene
transcripts were significantly more expressed, while 1,658 genes were significantly less expressed
in WT than those in Pgr-KO. We then retrieved and compared transcriptional data from online
databases and further identified 661 conserved genes in fish, mice, and humans, that showed
similar levels of high (283 genes) or low (387) expression in animals that were ovulating compared
to those with no ovulation. For the first time, ovulatory genes and their involved biological
processes and pathways were also visualized using Enrichment Map and Cytoscape. Intriguingly,
enrichment analysis indicated the genes with higher expression were involved in multiple
ovulatory pathways and processes such as inflammatory response, angiogenesis, cytokine
production, cell migration, chemotaxis, MAPK, focal adhesion, and cytoskeleton reorganization.
In contrast, the genes with lower expression were mainly involved DNA replication, DNA repair,
DNA methylation, RNA processing, telomere maintenance, spindle assembling, nuclear acid
transport, catabolic processes, nuclear and cell division. Our results indicate that a large set of
genes (>3,000) are differentially regulated in the follicular cells in zebrafish prior to ovulation,
terminating programs including growth and proliferation, and beginning processes including the
inflammatory response and apoptosis. Further studies are required to establish relationships among

these genes and an ovulatory circuit in zebrafish model.
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Introduction

Ovulation is a physiological process that releases a fertilizable oocyte from follicular cells and is
an essential reproductive event for the preservation of a species. It is well established that
luteinizing hormone (LH) initiates a cascade of signaling; including upregulation of progestin and
its nuclear progestin receptor (PGR) which activates various downstream targets and signaling
pathways, eventually leading to follicular rupture. However, our understanding of the molecular
mechanisms that control ovulation is far from complete. For example, there is limited evidence of
downstream targets and signaling pathways that PGR regulates. A few genome-wide transcriptome
analyses of differentially expressed genes in the follicular cells of pre-ovulatory oocytes suggest
conserved gene expression regulation in humans, macaques, and mice [1-3]. To our knowledge,
there are no published transcriptomic analyses of gene expression focusing on the follicular cells
of pre-ovulatory oocytes in basal vertebrate; all studies conducted so far have not separated
follicular cells from the oocytes, or used mixed stages of oocytes that preclude detailed
comparisons between different species [4-6].

Zebrafish is an alternative vertebrate model for studying gene function, signaling pathways in
development, and various physiological processes because of their low cost, rapid development,
and relative simplicity. Unlike mammalian models, zebrafish release and fertilize mature oocytes
outside the body, developing their embryos externally. Because embryos develop externally,
females do not undergo cumulus-oocytes complex (COC) expansion, luteinization, or implantation
processes that happen concurrently or subsequently with ovulation, making it relatively easy to
distinguish genes exclusively involved in ovulation [7]. In addition, follicular cell layers can be
collected separately from pre-ovulatory oocytes, which are relative large (>600 pm), for

biochemical and molecular analyses [8]. Our recent study has also shown that Pgr is an important
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transcription factor induced by luteinizing hormone (LH), and is essential for ovulation in
zebrafish [9]. In Pgr knockout (Pgr-KO) female zebrafish mature oocytes are trapped within
follicular cells unable to ovulate, leading to infertility. Our results are consistent with the complete
anovulatory and infertile phenotype reported in PGR-KO mice [9, 10]. These results prompted us
to hypothesize that ovulation is controlled by conserved genes and signaling pathways in
vertebrates.

In this study, we first conducted a genome-wide differential gene expression analysis in the
follicular cells of pre-ovulatory oocytes from wildtype (WT) in comparison to Pgr-KO zebrafish
using RNA-Seq and bioinformatics tools. We hypothesize that gene expression changes in WT
would be important for ovulation, while lack of changes in Pgr-KO due to anovulation could serve
as reference. We then conducted a comparison analysis of genome-wide differentially regulated
genes in the follicular cells of pre-ovulatory oocytes of three key vertebrate species, i.e., zebrafish,
mouse, and human. We found that Pgr regulates a network of conserved signaling pathways,
biological processes, and genes that control ovulation. Dramatic differences in the expression
between WT and Pgr-KO of various genes include ptgs2 (prostaglandin-endoperoxide synthase
2a, 2b), runxl (runt-related transcription factor 1), ptger4b (prostaglandin E receptor 4b), rgs2
(regulator of G-protein signaling 2), and adamts9 (a disintegrin-like and metalloproteinase with
thrombospondin motifs). This differential expression across species provides a list of candidate

genes to study the molecular mechanisms underlying ovulation.

Materials and Methods

Zebrafish husbandry
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82 Generation and characterization of Pgr mutant lines have been described previously [9]. The
83  WT zebrafish used in this study was a Tubingen strain initially obtained from the Zebrafish
84  International Resource Center and propagated in our lab according to the following procedure.
85  Fish were kept at constant water temperature (28°C), a photoperiod of 14hrs of light with 10 hrs
86  of dark (lights on 9:00, lights off at 23:00), pH at 7.2, and salinity conductivity from 500-1200 uS
87 in automatically controlled zebrafish rearing systems (Aquatic Habitats Z-Hab Duo systems,
88  Florida, USA). Fish were fed three times daily to satiation with a commercial food (Otohime B2,
89  Reed Mariculture, CA, USA) containing high protein content and supplemented with newly
90 hatched artemia (Brine Shrimp Direct, Utah, USA). The Institutional Animal Care and Use
91  Committee (IACUC) at East Carolina University approved experimental protocols.
92  Collection of pre-ovulatory follicular cell layers
93 Follicular cells of pre-ovulatory oocytes were collected from three WT or three Pgr-KO
94  female zebrafish at the same developmental stage, i.e., immediate after oocyte maturation but prior
95 to ovulation (See Fig.1 for detail). We limited our sample size to n=3 for each group, to balance
96  high cost of RNA-seq and minimum requirement of statistical analyses. Follicular cells are two
97  thin layers of cells (<4 um in thickness) containing theca and granulosa cells, surrounding a
98  gigantic oocyte in zebrafish (@>600 um for pre-ovulatory oocyte, Fig.1). Follicular cells could be
99  physically separated from oocytes [8], which typically have approximate 1000 fold higher amount
100  of total RNAs than those in surrounding follicular cells. However, physical separation of granulosa
101 cells fromtheca cells is impractical due to small cell size and no distinguishable physical properties
102 of these two cell types.
103 All the fish used in the experiment were approximately four months old. Individual, well-fed,

104  mature, and healthy female zebrafish were housed separately from male fish by a middle divider


https://doi.org/10.1101/069716

bioRxiv preprint doi: https://doi.org/10.1101/069716; this version posted August 15, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

105 inaspawning tank the night before sampling. Oocyte maturation and ovulation were synchronized
106  between different individuals, and spawning typically happened within 30 minutes once the lights
107  switched on and the middle divider was removed from these well-fed and individually housed fish.
108  To obtain pre-ovulatory oocytes, ovaries were removed within an hour before the lights turned on
109 in the morning following an appropriate anesthetic overdose (MS-222: 200 mg/L in buffered
110  solution). Excised individual ovary was then placed in a zebrafish Ringer’s solution (116mM NacCl,
111 2.9mM KClI, 1.8mM CaCl2, 5mM HEPES, pH 7.2) and examined under a dissecting microscope.
112 Ovaries containing healthy pre-ovulatory follicles that had a translucent appearance, indicating the
113 completion of oocyte maturation and proximal to ovulation, were selected (Fig.1). Ovaries with
114 no pre-ovulatory oocytes, incomplete absorption of previous left-over matured oocytes, or
115 unhealthy oocytes that were morphologically distinct from healthy pre-ovulatory oocytes were
116  discard. Individual, follicle-enclosed, healthy mature oocytes were teased away from immature
117  oocytes by gently pipetting in and out several times using a Pasteur pipette. To determine cell
118  specific changes of transcripts regulated by Pgr in the follicular cells, we manually peeled follicular
119  cells off pre-ovulatory oocytes in zebrafish Ringers’ solution under a dissecting microscope using
120  a pair of fine, clean glass needles as described previously [8]. Follicular cells were collected into
121 a 1.7ml microcentrifuge tube and homogenized immediately in a 300 pl TRIzol solution by a
122 sonicator (Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA, USA). Samples were stored in

123 -80°C freezer until RNA extraction. Each sample contained follicular cell layers separated

124  carefully from 45 to 130 pre-ovulatory oocytes of one fish. The process for collecting one sample
125  was limited to less than an hour, avoiding significant degradation or changes of the transcripts
126 (unpublished data). We collected six samples in six different days, in order to sample at same time

127  point and same developmental stages.
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128  RNA isolation

129 Total RNA was extracted using TRIzol and a Qiagen RNeasy kit according to a modified
130  protocol. An equal volume of cold 100% ethanol was added into the aqueous phase of the solution
131 following phase separation TRIzol. Samples were then loaded onto an RNeasy spin column,
132 centrifuged (8,000g, 30 seconds), washed once with 700 ul RW1, twice with 500 ul RPE washing
133 buffer, and eluted in 25 pl of RNase free water according to Qiagen’s instructions. The
134  approximate concentration and purity of samples were examined using a Nanodrop 2000
135  Spectrophotometer. An aliquot of RNA sample with OD 260/280 > 1.8 and OD 260/230 > 1.6 was
136  used for RNA-Seq analysis and the remainder was used for quantitative real-time PCR (qPCR)
137  assay.

138  Library construction and Illumina sequencing

139 RNA-Seq library preparation and high-throughput NGS sequencing was carried out at
140  HudsonAlpha Genomic Services Lab (Huntsville, AL). Qubit® 3.0 Fluorometer and Agilent 2100
141  Bioanalyzer further examined the concentration and integrity of total RNA samples prior to library
142 construction. About 800ng of total RNA was used to construct a cDNA library according to a
143  protocol of Illumina TruSeq RNA Sample Preparation Kit (Illumina). Ribosomal reduction was
144  used to remove non-coding rRNA. The library was then PCR amplified with 15 cycles using
145  TruSeq indexes adaptor primers, submitted for Kapa quantification and dilution, and sequenced
146  with a single end read (50bp) on an lllumina HiSeq 2000 instrument.

147  Genome mapping and differential expression analysis

148 The quality control and adaptor trimming of raw FastQ files were performed using
149  Trim_Galore. Trimmed raw files were inspected using FastQC. The entire zebrafish genome

150  sequence (version GRCz10) was downloaded from Ensembl, and the alignment of sequence reads
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151  to the zebrafish genome was carried out using STAR aligner [11]. Binning of sequencing reads to
152 genes/exons was accomplished by HTseq-count, where reads with an alignment score of less than
153 10 were skipped [12]. DESeq2, a popular Bioconductor package with over 3000 citations, was
154  chosen to normalize the raw counts with respect to the gene length and sequencing depth as well
155  as identify differentially expressed genes [13].

156  Validation of differential expression by quantitative real-time PCR (QPCR)

157 Twenty-three of the differentially expressed genes were selected, and their expressions were
158  further validated using traditional gPCR. Briefly, 250 ng of total RNA from a subset of samples
159  that were used for transcriptomic analysis, were reverse transcribed using SuperScript I11 Reverse
160  Transcriptase in a 10 ul reaction volume following the manufacturer’s instructions (Invitrogen,
161  Carlsbad, CA). Specific PCR primer pairs (supplemental Table S1) for target genes were designed
162  as close as possible to stop codon to detect transcripts without five-prime caps, and spanning at
163  least two adjacent exons to avoid genomic DNA interference. Glyceraldehyde-3-phosphate
164  dehydrogenase (gapdhs) was chosen as an internal control for qPCR because gapdhs was
165  expressed evenly among all samples in RNA-Seq analysis. Absolute copy numbers of each
166  transcript were calculated from a standard curve generated from a serial dilution of plasmid DNA
167  with known concentrations [8]. Then, the expression of each transcript was normalized with

168  gapdhs and expressed as fold changes by comparing WT to knockout (log2 (WT/Pgr-KQ)), since

169  genes important for ovulation would change significantly in WT, but would not be changed in Pgr-
170 KO.

171 Comparison of genes that are important for ovulation in human, mouse and zebrafish

172 Human (E-MTAB-2203) and mouse (GSE4260) [1, 3] transcriptomic data sets, that were

173 focused on differentially regulated genes in the follicular cells of preovulatory oocytes were
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174  downloaded from EMBL and GEO databases, respectively. Two important marker genes,

175 LHCGR and PGR, were both found in these two data sets. Therefore, both human and mice

176 samples contain granulosa cells, and are comparable to the follicular cells of zebrafish.

177 Multiple CEL data files that containing human transcripts were first imported into

178  Expression Console software (Affymetrix) for data normalization, then, the robust Multi-array
179  Average (RMA) normalized our data and were transferred into Transcriptome Analysis Console
180  program (v3.0, Affymetrix) for differential expression analysis using One-Way Repeated

181  Measure ANOVA (paired). We used the R packages Affy [14] and limma [15] for differential
182  expression analysis, due to only two biological replicates in mice samples.

183 Differentially expressed genes are defined as having a minimal 2 fold difference in the
184  expression of the transcript observed in treated or mutant samples, compared to controls (absolute
185  log2FoldChange > 1) with a corrected FDR p-value < 0.05. Ensembl gene IDs of human and
186  zebrafish were converted to the mouse version to determine ovulatory genes that are conserved
187  between human, mice, and zebrafish.

188  Enrichment analysis

189 The Enrichment Map plugin for Cytoscape [16] was used to visualize the results of enriched
190  gene sets and pathways due to Pgr-KO. Both up-regulated and down-regulated genes were first
191  imported into the online g:Profiler (http://biit.cs.ut.ee/gprofiler/). We selected the “no filtering”
192  option and kept gene sets that had three or more genes that were significantly differentially
193  expressed for follow-up analyses. These gene sets were further compiled using KEGG, Reactome,
194 and GO databases. Enriched gene sets were then loaded into the Enrichment Map plugin for
195  Cytoscape using a p-value cutoff at 0.0005 to achieve an operable clustered network. The resulting

196  network map was curated manually by removing uninformative gene sets and grouping
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197  functionally related gene sets together. We then labeled these functional groups to highlight
198  prevalent biological functions that were enriched.

199  Statistical analysis

200 Differences in expression between Pgr-KO and WT data were analyzed using Students’ t-

201  test, with p-values < 0.05 considered to be significant.
202 Results

203 A large set of genes (>10%) are differentially regulated prior to ovulation

204 Global gene expression in Pgr-KOs showed a significant difference and clustered distinctly
205  from those in WT (Figs.2 & 3). Variation in gene expression among three different Pgr-KO fish
206  were much smaller than those in WT (Figs.2 & 3), indicating that Pgr is a key transcriptional
207  regulator, and knocking out Pgr blocks the changes of gene expression critical for ovulation.
208  Variable increases between WT samples suggest that gene expression changed dramatically prior
209  to ovulation, or small sample size.

210 We found that 3,569 zebrafish genes are expressed significantly different in WT compared to
211 those in Pgr-KO, using a cutoff of fold changes > 2 and adjusted p-values < 0.05 (Table S2). We
212 retained 2,888 significantly regulated zebrafish genes that have mouse homologs for subsequent
213 analyses; and removed duplicates with less significance (Table S3). We did this to reduce the
214  complexity caused by teleost specific gene duplication, and to search for conserved genes in
215  vertebrates. Among these differentially regulated genes, 1,230 genes had higher expression and
216 1,658 genes had lower expression in WT than in Pgr-KO. Intriguingly, among the top 200
217  differentially expressed genes ranked by their adjusted p-value, 178 (89%) had significantly higher
218  levels of expression in WT than in Pgr-KO (Fig.4). They also exhibited large differences in

219  expression, with 154 genes ranging eight to 147 fold. In contrast, only 16 genes among the top 200

10
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220 had more than an eight fold decrease in WT than in Pgr-KO (TABLE S4). These results suggest
221 dramatic changes in gene expression, especially increase of expression was critical for ovulation
222 to proceed, which was also likely cause of variations among WT samples.

223 RNA-Seq results confirmed by gRT-PCR

224 The specificities of each PCR primer set used in gPCR was confirmed using a melting curve
225  analysis and by sequencing the PCR products. Similar differences were obtained in the gene
226  expression for 23 selected genes in gPCR analysis and RNA-Seq of WT samples compared to Pgr-
227 KO (Fig.5).

228  Pgr is essential for regulating downstream targets that are important for ovulation

229 In total, 1,962 gene sets were enriched significantly (p<0.05) when all up-regulated genes, i.e.,
230 1,230 corresponding mouse homolog IDs in WT fish were input into g:Profiler. A small 943 gene
231  sets were enriched when all down-regulated genes, i.e., 1,658 mouse homolog IDs, were input into
232 the same program. We retained 649 upregulated gene sets and 469 down-regulated gene sets, with
233 amore stringent cutoff at p<0.0005, to draw better and less congested enrichment maps.

234 Multiple sets of genes, signaling pathways, and biological processes important for ovulation
235  had significantly higher expression in WT compared to those in Pgr-KO. These enriched biological
236 processes in WT include: angiogenesis, cell migration, chemotaxis, focal adhesion, response to
237  growth factor, vasodilation, blood coagulation, cytokine production, inflammatory response,
238 leukocyte aggregation and differentiation, cytoskeleton reorganization, extracellular matrix
239  organization, response to hypoxia, and apoptosis (Fig.6A). The enriched KEGG or Reactome
240  pathways in WT include: MAPK signaling, Wnt signaling, ERBB signaling, PI3K-Akt signaling,
241  and NF-kappaB signaling (Fig.6A). In contrast, biological processes enriched in the WT down-

242  regulated gene sets were mainly related to cell growth, proliferation, and cell cycle instead of

11
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243 ovulation [3]. These processes include: DNA replication, DNA repair, DNA methylation, cell
244  phase transition, and cell division (Fig.6B). The clear distinction between up- and down-regulated
245 genes in WT compared to Pgr-KO demonstrates that Pgr is essential for determining the cell fate
246  and transition of pre-ovulatory follicular cells. A lack of Pgr would block the biological processes
247  and signaling pathways required for ovulation.

248  Conserved biological processes and pathways that are important for ovulation in human,
249  mouse and zebrafish.

250  Currently, Pgr-KO models are limited. Other than zebrafish, there is only one data file, containing
251 no-biological replicates for a PGR-KO mouse and used whole ovaries, which could not be
252 analyzed appropriately [17]. In order to further examine conserved genes and biological processes
253  important for ovulation, we compared our RNA-Seq data with transcriptomic data obtained from
254  HCG induced ovulation samples in humans [3] and mice [1]. In follicular cell samples of human
255  treated with HCG, 852 genes were significantly up-regulated and 884 were down-regulated when
256 compared to those without HCG treatment. Whereas, in mouse follicular cell samples treated with
257  HCG, 1,356 genes were significantly up-regulated and 1,553 were significantly down-regulated
258  compared to those without HCG exposure. We focused on analyzing genes that showed similar
259 increases or decreases between zebrafish and mammals (human and/or mouse), and found 283 up-
260  regulated genes and 378 down-regulated genes in WT that are conserved (Fig.7). The features of
261  these three datasets are summarized in Table 1.

262 Enrichment analysis of the conserved 283 up-regulated or 378 down-regulated genes show
263  two distinct pathways (Fig.6). The first pathway was related to ovulation including angiogenesis,
264  cell migration, cytokine production, inflammatory response, MAPK/JNK cascade, and cell-

265  specific apoptosis. The second was related to cell growth and proliferation, including DNA repair,

12
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266 DNA replication, chromatin modification, nuclear division, and cell cycle checkpoint (Fig.8). Our
267  analysis indicates that these genes and biological processes for ovulation are highly conserved
268  among vertebrates.

269  Representative genes and processes that may be important for ovulation

270 Some of the genes and processes conserved in our cross-species comparison (Fig.8), or
271 suggested to be important for ovulation are highlighted below (Table.2).

272 Inflammatory response. Several inflammation-associated gene transcripts were more expressed in
273 WT compared to those in Pgr-KO zebrafish, and higher in mice and human samples treated with
274  HCG. Several of these genes are critical for ovulation. For example, runxl (runt related
275  transcription factor 1), ptgs2 (prostaglandin-endoperoxide synthase 2), and pla2gda
276 (phospholipase A2 group IVA) are important for prostaglandin synthesis and ovulation. Genes
277  involved in il6 signaling include socs3 (suppressor of cytokine signaling 3), and mcll (myeloid
278  cell leukemia sequence 1), which were also expressed significantly higher in WT compared to Pgr-
279 KO fish. Zbtb16 (zinc finger and BTB domain containing 16), adam8 (a disintegrin and
280  metallopeptidase domain 8) and ptger4 (prostaglandin E receptor 4), which were also expressed
281  significantly higher in WT compared to Pgr-KO. Intriguingly, tnfrsf21 (tumor necrosis factor
282  receptor superfamily, member 21) and furin (paired basic amino acid cleaving enzyme) transcripts
283  were also expressed more in WT than Pgr-KO.

284  Vascularization. Genes involved in coagulation and angiogenesis including F3, F5 (coagulation
285  factors F3 and F5), and plasminogen activator inhibitor serpinel (serine peptidase inhibitor clade
286  E member 1) were expressed significantly higher in WT compared to those in Pgr-KO. Notably,
287  the expression levels of rgs2 (regulator of G-protein signaling 2) encoding a member of GTPase

288  activating proteins, and nrpl (neuropilin 1) encoding a protein that has been shown to interact with

13
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289  VEGFA (vascular endothelial growth factor A), were both expressed significantly higher in all
290 three species prior to ovulation in WT.

291 Extracellular matrix remodeling. Extracellular matrix disassociation is an essential step for follicle
292 rupture. Surprisingly, transcripts of adamtsl (a disintegrin-like and metallopeptidase with
293 thrombospondin type 1 motif 1), suggested to play a key role in mammalian COC expansion
294  leading to follicular rupture [18], was undetectable in zebrafish follicular cells in both RNA-Seq
295 and gPCR analyses though adamts1 was highly expressed in other cell types including follicles in
296  earlier stages (unpublished). Instead, another member of Adamts family, adamts9, was found to
297  be up-regulated 60 fold in WT samples compared to Pgr-KO.

298  Cell cycle. Most of cell cycle related genes (14 out 19) were up-regulated in Pgr-KO, but during
299  onset of ovulation in WTs were significantly down-regulated. Similar trends of decrease or
300 increase were observed in all three species. These genes include several cyclins (ccnb2, ccna2, and
301  ccnbl), cyclin-dependent kinases (cdkl and cdk?2), a cell proliferation marker (mki67), several
302  mini-chromosome maintenance proteins (mcm3, mcm4, mem6, mem?7, and mem10), related to cell
303  division cycle (cdc20), and cell phase transition (mos).

304  Steroid and hormone receptors. Compared to Pgr-KO, the expression of esr2 (estrogen receptor
305  beta) was lower in WT. Similarly, the expression of Esr2 was lower in human and mice samples
306 treated with HCG. On the other hand, the expression of Ihcgr (Luteinizing
307  hormone/choriogonadotropin receptor) was significantly higher in WT than Pgr-KO fish, with

308  similar results observed in mice but not in human samples.
309 Discussion

310  We have performed the first genome-wide differential gene expression analysis that is specifically

311  designed for the follicular cells of pre-ovulatory oocytes in the zebrafish, and conducted the first

14
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312 comparison of differentially regulated genes in the follicular cells of pre-ovulatory oocytes among
313  zebrafish, mice, and humans. Our analysis indicates that ovulation is involved in a large network
314  of approximately 3,000 genes, which is 11.5% of 26,000 available genes in zebrafish, all working
315 in concert in the follicular cells of pre-ovulatory zebrafish oocytes. The number of ovulation
316  related genes found in the zebrafish is about three times more than those reported in humans, but
317  only slightly more than those reported in mice (Table.1). One likely reason is that RNA-Seq is
318 much more sensitive than microarrays used in previous studies. Or, it is possible that we
319  overestimate the ovulation-related genes in zebrafish due to differences in gene expression that
320 may be present before ovulation occurs in Pgr knockout. It is impossible to predict which WT fish
321 will undergo ovulation unless they have completed final oocyte maturation (see Fig.1 for detail).
322 Not all fish ovulate daily, so we did not collect follicular cells prior to maturation in current study
323 dueto lacking a reliable marker to identify which fish will ovulate before the completion of oocyte
324  maturation in vivo. Therefore, it will be necessary to establish an ovulation assay in vitro and to
325  study gene expression during ovulation. Nevertheless, by comparing our data sets with mammalian
326  data sets we are able to show many conserved genes are related to ovulation and associated
327 signaling pathways are very similar whether using the entire set of differentially regulated
328  zebrafish genes or conserved “ovulatory” genes of fish, mouse, and human. These differentially
329  expressed genes activate signaling pathways and biological processes that are important for
330 ovulation to precede while also down regulating signaling pathways involved in growth and
331 proliferation prior to ovulation. The switch from a period of growth and proliferation to the
332 ovulation is important for follicular cell rupture and the process to proceed appropriately. These

333  ovulatory genes and signaling pathways are highly conserved among fish, mice and humans.
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334  Therefore, as demonstrated herein and elsewhere, zebrafish offer an alternative model for studying
335  molecular mechanisms and biological processes that control ovulation.

336 As we noted at beginning, biological processes leading to the ovulation are quite different
337  between mammalian models and zebrafish model, mainly due to in vivo gestation in mammals in
338  comparison to external fertilization and development in zebrafish. We were surprised to find so
339  many conserved “ovulatory” genes as well as a significant number of non-conserved “ovulatory”
340 genes (Fig.7). A large number of non-conserved “ovulatory” genes is likely due to difference in
341  experimental treatments, different analytic tools (RNA-seq vs microarray), difference in cell
342  population, or different molecular mechanisms in control of ovulation in different models. For
343  accurate comparison, we have to generate transcriptomic data sets using same sensitive sequencing
344  technique, and same genotype (PGR KO) in different model species. We will focus our discussion
345  on conserved genes and pathways potentially important for ovulation, since more information is
346  required for defining different ovulatory mechanisms in different species.

347  Inflammatory response

348  Substantial evidence from studies in mammals has shown that biological events occurring in an
349  ovulating follicle are similar to those in an acute inflammatory response [2, 3, 19]. One major
350 indicator is the increase of prostaglandins (PGs) resulting from the upregulation of Ptgs2, a rate-
351  limiting step in prostaglandin biosynthesis. It is still unclear whether PGR and PTGS are two
352  separate downstream pathways of LH signal, as no evidence shows promoter binding sites for PGR
353  on Ptgs2. Some have suggested that several genes including Pparg and 116 may act as mediators
354  between PGR and PTGS2, as demonstrated by conditional Pparg knockout mice [19]. However,
355 the transcripts of these mediators were not significantly regulated in the follicular cells of pre-

356  ovulatory oocytes in zebrafish, implying Ppar pathway might not be an important mediator in
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357  zebrafish ovulation. Another transcriptional factor, RUNX1 is a candidate mediator since
358  upregulation of Ptgs2 by RUNX1 can be inhibited by a PGR antagonist, and direct binding of
359  RUNX1 to two RUNX-binding motifs in the Ptgs2 promoter region has been confirmed by CHIP
360 and EMSA assays [20, 21]. Our finding of significantly upregulated Runx1 (fold changes>10,
361  P<2.40E-20) in the follicular cells of pre-ovulatory oocytes supports that RUNX1 as a mediator
362  regulating Ptgs2. On the other hand, the present study shows one of the PGs receptors, Ptger4,
363  was markedly up-regulated prior to ovulation in both mouse and zebrafish datasets. It has been
364 shown that Pgr directly regulates ptger4 in the pre-ovulatory follicles of medaka [7, 22]. In
365  contrast, the role of PTGER4 in ovulation has been overlooked in mammals as studies focused
366 more on role of PTGER2 in COC expansion and ovulation [23-25]. Our studies provide possible
367 candidates that involve in PGR signaling pathway and ovulation. Clearly, more studies are needed
368  to understand the molecular mechanisms that regulate members of PTGS and PTGER and their
369  functions in ovulation.

370  Vascularization

371 Vasodilation induced by LH in the pre-ovulatory ovary is required for increased vascular
372 permeability. This drives leukocytes to migrate from the blood vessels to the interior of the pre-
373 ovulatory follicles to release multiple cytokines and elicit inflammatory reactions leading to
374  follicle wall breakdown [19]. The expression of rgs2, which shows the greatest increase during
375  ovulation in our RNA-Seq data (>100 fold), has been suggested to be essential for stabilizing blood
376  pressure via inhibition of Gg/11-mediated signaling in human cardiovascular system [26, 27].
377  Evidence also suggests that Rgs2 expression can be stimulated by LH, but is attenuated by PGR

378  antagonist or PTGS2 inhibitor in the pre-ovulatory follicles of mice and bovine [28, 29]. It remains
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379  to be elucidated whether or not RGS2 can play a similarrole in follicle rupture as it does in
380 cardiovascular system, increasing vascular permeability.

381  NRP1, a well-known membrane bound co-receptor that is involved in VEGF signaling and
382  vascularization had increased expression in pre-ovulatory follicles of zebrafish, mouse, and
383  human. NRP1 up-regulates KDR downstream signaling in response to VEGF in angiogenic
384  modulation [30]. We also found a significant increase of kdr expression in the follicular cells of
385  pre-ovulatory oocytes in zebrafish. To prevent microbleeding during ovulation, multiple
386  coagulation factors such as 3, 5, and tissue factor pathway inhibitor 2 (tfpi2) are concomitantly
387  up-regulated in zebrafish, consistent with previous findings in humans [3]. The up-regulation of
388  serpine 1(pail), a blood clotting promoting factor, before ovulation in zebrafish is consistent with
389 the recent finding in medaka. Serpinel has been suggested to be a limiting regulator controlling
390 plasmin hydrolyzing laminin, a major basement membrane component situated between the
391  granulosa and theca cells of the follicle in medaka [31]. However, since PAIL deficient mice are
392  viable, the role of PAIL in vascularization during ovulation should be further explored [32, 33].
393  Extracellular matrix remodeling and follicle wall breakdown

394  Proteases are required for extracellular matrix degradation and remodeling, and are essential for
395 follicular cell rupture and the release of mature oocytes. The involvement of several
396  metalloproteinases including members of MMP (matrix metalloproteinase), ADAM, and
397 ADAMTS families have been examined [34-36]. However, evidence of these enzymes being
398 involved in ovulation is limited, partly due to lack of obvious effects on ovulation or embryonic
399 lethality in knockouts [37]. Interestingly, expression and knockout studies of Adamtsl have
400  suggested the involvement of ADAMTSLI in ovulation and fertility in mammals. Adamts1 was up-

401  regulated in the pre-ovulatory follicles of several mammalian species. This up-regulation was
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402  partly dependent on the expression of Pgr in the granulosa cells. Knockout of Adamtsl in mice
403  suggests an important role of this protease as a downstream effector of PGR in ovulation.
404  Homozygous Adamtsl knockouts are subfertile, producing litters 4- to 5-fold less than control
405 littermates, partially due to failed rupture of some large follicles [36]. Adamts1 knockout mice are
406  subfertile and have less severe phenotypes than Pgr knockout mice, who cannot ovulate and
407  therefore have no litters. This indicates that ADAMTS1 may not be a key protease, or other PGR
408  regulated proteases contribute to the ovulatory mechanism. Lacking significant differences in gene
409  expression, enzyme concentration, or enzymatic activity of ADAMTS1 in infertile women
410  compared to controls also did not support functional roles of ADAMTS1 in human fertility [38].
411  ADAMTSLI has been suggested to cleave versican in COC matrix [37, 39], so the functions of this
412 gene in basal vertebrates may be different since no COC is necessary.

413 Intriguingly, upregulation of adamts9 in mammals and zebrafish during ovulation suggests
414  that this enzyme is most likely involved in ovulation, and its function conserved across vertebrate
415  species. Adamts9 was found to be upregulated in pre-ovulatory follicles or GCs following HCG
416  treatment in macaque and human [2, 3, 40]. GON-1, an ortholog of ADAMTSY, is involved in the
417  degradation of extracellular matrix (ECM) and is essential for gonadal morphogenesis in C.
418 elegans. GON-1 helps migration of distal tip cells by degrading extracellular matrix components.
419 In GON-1 mutants, the adult gonad is severely disorganized with no arm extension and no
420  recognizable somatic structure. The developmental defects in gon-1 mutants are limited to the
421  gonad; other cells, tissues, and organs develop normally in C. elegans. However, functions of
422  ADAMTSY in vertebrates have not been established, partly due to Adamts9 knockout mice dying
423  before gastrulation [41]. Thus, using alternative models or establishing conditional knockouts are

424  required for examining the function of ADAMTS9 in vertebrates.
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425  Missing information was compensated by our fish data

426  Some important ovulatory genes and signaling pathways such as ERBB, PI3K, and WNT signaling
427  are unexpectedly missing in the shared gene lists and conserved enrichment maps, but significantly
428  enriched in zebrafish data set (Table 3; Fig.6). ERBB signaling (epidermal growth factor receptor
429  signaling) is induced by the LH surge through the activation of EGF-like factors [42]. The
430 increased expressions of Ihcgr, egfr, and mapk1 along with downstream genes (e.g. ptgs2, tnfaip6)
431 in the follicular cells of WT pre-ovulatory zebrafish oocytes suggest that ERBB signaling is
432 conserved and involved in the ovulation of vertebrates. Knockouts of PTEN inhibited PI3K
433  signaling, increased susceptibility to apoptosis and enhanced ovulation in mice [43]. We also found
434  that pten (a tumor suppressor) was highly expressed in the follicular cells of WT, and PI3K/Akt
435  signaling was enriched in up-regulated genes (Fig.6). Similarly, tumor suppressor genes dab2ip
436  and foxo3 were expressed much higher in WT, which correlated to WNT signaling being enriched
437  in zebrafish. FOXO3 has been shown to inhibit WNT signaling and cancer development [44, 45].
438  Notably, we found at least 232 human tumor suppressor [46] homolog genes that were
439  differentially expressed in the follicular cells of zebrafish pre-ovulatory oocytes. Molecular
440  mechanisms and functions of these tumor related genes during vertebrate ovulation is still unclear.
441 Hypoxia typically occurs at the time of ovulation [47]. This is supported by high expression
442  levels of hiflal (hypoxia-inducible factor 1, alpha subunit like) in the follicular cells of WT pre-
443  ovulatory oocytes. Hypoxia response also activates angiogenesis, consistent with the high
444  expression of vascular endothelial growth factor receptors fltl and kdr in WT fish. Activation of
445  NF-kB (nuclear factor kappaB) is a critical part of transcriptional response to hypoxia and the local
446  inflammatory response [48, 49]. High expression of rela/p65, a component of NF-kB, increased

447  expression of nfkbia (NF-KappaB inhibitor, alpha) encoding the cognate binding inhibitor of Rela,
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448  and several ubiquitin related genes (ubb, ubc, uba52, ube2a, Table 3). This suggests possible
449  activation of NF-kB signaling in pre-ovulatory follicular cells in response to hypoxia-like
450  conditions of ovulation [50]. The high expression of tnfrsf21 (tumor necrosis factor receptor
451  superfamily, member 21/death receptor 6), during ovulation suggests that activation of NF-kB
452  signaling is also involved in local inflammation [51]. Intriguingly, il1b showed low expression in
453  WT fish, although IL1B could induce direct binding of NF-kB to the promoter sequence of
454  ADAMTSY9 in human chondrocytes [52]. More studies are required to understand the activation
455 and involvement of NF-kB in response to hypoxia, and its regulation of inflammation and
456  ADAMTSO9 during ovulation.

457 In summary, for the first time we successfully identified genes and signaling pathways that
458  are potentially important for ovulation in zebrafish, a non-mammalian vertebrate model, using
459  high-throughput sequencing and Pgr-KO. The comparison of differentially regulated genes among
460  human, mouse, and zebrafish datasets further confirm that genes and signaling pathways important
461  for ovulation are conserved among vertebrates. Zebrafish should serve as an excellent model for

462  studying the function of genes and signaling pathways that are important for ovulation.

463
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606  Figures Legends

607  Figure 1. Final oocyte maturation (FOM) and ovulation are easily observable and
608  distinguishable with naked eyes in zebrafish. Representative maturing oocytes are on the left (Al-

609  Ad), and representative changes in ovaries are on the right (B1-B3). FOM (resumption of meiosis)
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610  occurs prior to ovulation. The maturation process includes germinal vesicle break down (GVBD),
611  chromosome condensation, assembly of meiotic spindle, and formation of the first polar body.
612  Change in cytoplasm appearance of stage IV oocytes from opaque (in yellow) to transparent (in
613  light gray) is the most reliable indication that oocyte maturation is complete (from Al to A2, or
614 Bl or B2) in zebrafish. Once ovulation is complete, these mature and transparent oocytes migrate
615  to the posterior of animal body (A2 to A3, and A4; or B2 to B3), ready to be released and fertilized
616  outside. These recurring tissue remodeling processes, including maturation and ovulation, happen
617  daily in wildtype (WT) zebrafish. In contrast, oocyte growth and maturation occur normally but
618  ovulation was completely blocked in Pgr knockout (Pgr-KO). Matured oocytes were absorbed
619  before next wave of oocytes going through GVBD and FOM in Pgr-KO females. Follicular cells
620 used in this study were all collected from same stage of oocytes, i.e. after maturation but prior to

621  the ovulation (panels A2 & B2) from WT or Pgr-KO fish.

622

623  Figure 2. Principal component analysis (PCA) of transcriptomic data from pre-ovulatory
624  follicular cells of Pgr-KO and wildtype (WT) zebrafish. The blue circles represent
625 transcriptomic data from three pre-ovulatory follicular samples collected from three Pgr-KO fish,
626  and the green circles represent the data from three samples of three WT fish.

627

628 Figure 3. Heat map of top 2000 differentially expressed genes ranked by FDR-corrected p-
629  value between WT and Pgr-KO. Each column represents an independent sample collected from
630 follicular cells of stage IV oocytes that have completed final oocyte maturation, but prior to
631  ovulation.

632
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Figure 4. Distribution of up- or down-regulated genes in wildtype (WT) compared to Pgr
knockout (Pgr-KO). Majority of top 500 genes are up-regulated in WT indicate increase of gene

expression is important for ovulation.

Figure 5. Validation of RNA-Seq results using real-time quantitative PCR (gPCR) based
on relative fold changes of 23 selected genes in WT compared to Pgr-KO. Relative fold
changes were expressed as log 2 of normalized average count (RNA-seq), or mean copy number
(gPCR) of each gene in three WT samples (n=3) divided by those respective numbers in three
Pgr-KO (n=3). The expression of adamts1 was undetectable in the follicular cells by RNA-Seq
and gPCR, and therefore was not included. Correlation coefficients (R?) between gRT-PCR and

RNA-Seq based expression profiles is 0.963.

Figure 6. Enrichment map analysis showed two groups of biological processes and
pathways, which were significantly enhanced or suppressed in wildtype (WT) compared to
Pgr-KO (p=0.0005). Nodes represent enriched gene sets, clustered automatically by the
Enrichment Map plugin for Cytoscape program [16] according to the number of genes shared
within sets. Node size is proportional to the total number of genes within each gene set. Proportion
of shared genes between gene sets are represented by the thickness of the line between nodes.
Functionally related gene sets were manually grouped, encircled by a dashed black line, and
labeled. A. Enrichment map for 1230 up-regulated genes in WT compared to Pgr-KO. B.

Enrichment map for 1658 down-regulated genes in WT compared to those in Pgr-KO.
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655  Figure 7. Comparison of significantly regulated genes in the follicular cells of zebrafish,
656  human, and mouse during ovulation. Ensembl numbers of genes in each group that were derived
657  from differentially regulated genes in human or zebrafish were converted to their respective mouse
658 homologs. A. Up-regulated genes in WT zebrafish that underwent natural spawning cycle likely
659  exposed to LH in vivo, in human or mouse follicular cells treated with HCG. A total of 283 genes
660 (73 + 56 + 154) were up-regulated in WT fish during ovulation, as well as in humans and/or mice.
661  B. A total of 378 genes (140 + 81 +157) were down-regulated in WT zebrafish, humans or mice
662  during ovulation.

663

664  Figure 8. Enrichment map analysis using conserved 283 up-regulated and 378 down-
665  regulated genes shared between fish and mammals (human and/or mice) during ovulation
666  (p=0.0005). A. Up-regulated biological processes during ovulation which include: transmembrane
667  transportation, protein kinases, MAPK/JNK cascades, angiogenesis, the inflammatory response,
668  cytokine production, cell migration, chemotaxis, extracellular matrix organization, cell growth,
669 and cytoskeleton reorganization. B. Down-regulated biological processes during ovulation
670  include: Pyrimidine metabolism, DNA repair, DNA methylation, DNA binding, DNA replication,

671  cell cycle checkpoints, oocyte meiosis, chromatin modification, and cell phase transition.
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Table 1.

Comparison of three transcriptomic experiments for analyzing differentially regulated
genes during ovulation in the follicular cells of zebrafish, human and mouse.

Species Human Mouse Zebrafish
GEO or EMBL accession E-MTAB-2203 GSE4260 current study
Platform Microarray Microarray NGS
Genotype WT WT Pgr-KO & WT
Treatment HCG 36h HCG 8h no
Biological replicates 9 paired 2 repeats 3 Pgr-KOor3 WT

Cutoff
Comparison
Up-regulated

Down-regulated

Ifc|>1; padj <0.05*

36h vs Oh
852
884

[Ifc| > 1 ; padj <0.05
8h vs Oh
1356
1553

[Ifc| > 1 ; padj <0.05
WT vs KO
1544
2025

a. Lfc, log2 fold change.

padj, FDR-corrected p-value.


https://doi.org/10.1101/069716

bioRxiv preprint doi: https://doi.org/10.1101/069716; this version posted August 15, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 2. Representative differentially regulated genes in zebrafish during ovulation that are
conserved between zebrafish, human and mouse.

gene gene title gene shared  log2 Fold FDR
symbol symbol type ® Change® p-value
(mouse) (zebrafish)

Inflammatory response and apoptosis

Avian musculoaponeurotic fibrosarcoma (v-maf) AS42

Maf oncogene homolog MAF (2 OF 2) T1 3.65 1.52E-14
Pla2g4a  Phospholipase A2, group IVA cpla2 T1 3.46 2.43E-17
Azinl Antizyme inhibitor 1 azinla T1 3.38 2.77E-14
Runx1 Runt related transcription factor 1 runx] T1 3.27 2.39E-20
Ptgs?2 Prostaglandin endoperoxide synthase 2 ptgs2a T1 3.25 4.30E-08
Zbtb16  Zinc finger and BTB domain containing 16 zbtb16a T1 3.11 9.48E-18
Tnfrsf21 ~ Tumor necrosis factor receptor superfamily, member 21 tnfirsf21 T1 2.66 1.47E-08
Gadd45a  Growth arrest and DNA-damage-inducible 45 alpha gadd45ab T1 2.45 7.78E-11
Mecll myeloid cell leukemia sequence 1 bcl2l10 T1 232 2.35E-08
Litaf LPS-induced TN factor litaf T1 1.63 3.44E-05
Slcodal g;iute carrier organic anion transporter family, member slcodal T1 1.62 7 43E-04
Hipk2 Homeodomain interacting protein kinase 2 hipk2 T1 1.28 4.11E-03
Nrld2  Nuclear receptor subfamily 1, group D, member 2 nrid2a T2 4.11 9.24E-26
Snai2 Snail family zinc finger 2 snai2 T2 3.43 8.90E-19
Clu Clusterin clu T2 2.90 9.23E-08
Socs3 Suppressor of cytokine signaling 3 socs3a T2 1.42 1.96E-04
Adam8 A disintegrin and metallopeptidase domain 8 adam8b T3 3.55 7.95E-25
Ptger4  Prostaglandin E receptor 4 ptgerdb T3 3.13 5.77E-11
Csflr Colony stimulating factor 1 receptor csflra T3 2.92 4.13E-08
Nt5e ecto-5"-nucleotidase ntse T3 2.37 1.89E-05
Furin Furin furina T3 1.84 1.32E-04
Vascularization
Rgs?2 Regulator of G-protein signaling 2 rgs2 T1 7.21 4.08E-86
F3 Coagulation factor I1I f3a T1 4.86 7.20E-30
Zfand5  Zinc finger, AN1-type domain 5 zfandSa T1 3.12 3.93E-16
Nrpl Neuropilin 1 nrpla T1 1.98 9.89E-05
Tfpi2 Tissue factor pathway inhibitor 2 tfpi2 T1 1.71 8.49E-04
Sema3a  Semaphorin 3A sema3ab T1 1.15 7.00E-03
F5 Coagulation factor V JAl T2 6.56 4.92E-54
Serpinel ?erine (or cysteine) peptidase inhibitor, clade E, member serpinel ™ 1.84 1 87E-05
Apoe Apolipoprotein E apoea T2 1.67 9.51E-05
Ppap2b  Phosphatidic acid phosphatase type 2B ppap2b T3 3.24 2.22E-15
Adipor2  Adiponectin receptor 2 adipor?2 T3 2.07 1.37E-06

Cell-matrix adhesion and extracellular matrix remodeling

Tnfaip6  Tumor necrosis factor alpha induced protein 6 tnfaip6 Tl 2.25 1.26E-07
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Table 2. Continued

gene gene title gene shared  log2 Fold FDR

symbol symbol type Change p-value
(mouse) (zebrafish)
Adamis9 gromﬁfsg&gﬁg};ﬂ; | mﬁ?ﬁ 0 metallopeptidase  with ;0 Tl 5.91 8 44E-41
Px3 Pentraxin 3 ptx3b T1 4.68 3.45E-15
Timp2 Tissue inhibitor of metalloproteinase 2 timp2a T1 3.43 2.34E-21
Rnd3 Rho family GTPase 3 rnd3b T1 2.33 1.68E-07
Ezr Ezrin ezra T1 1.84 1.91E-04
Cdi51  CDI51 antigen cdl5l T1 1.76 5.99E-05
Mkinl Muskelin 1 mkinl T2 3.51 7.11E-18
Cldnll  Claudin 11 cldnlla T2 2.19 4.65E-08
Palld Palladin palld T2 2.19 9.19E-07
Thbs4 Thrombospondin 4 thbs4a T2 2.05 3.09E-04
Ctnndl  Catenin delta 1 ctnndl T3 4.20 2.41E-12
Netl Neuroepithelial cell transforming gene 1 netl T3 2.79 2.84E-12
Dapk3  Death-associated protein kinase 3 dapk3 T3 2.09 1.49E-09
Lox Lysyl oxidase lox T3 1.92 1.83E-04
Cell cycle
Rgce Regulator of cell cycle rgee T1 1.44 1.21E-03
Ccenb2  Cyclin B2 ccnb2 T1 -2.89 4.82E-08
Ccna2 Cyclin A2 ccna? T1 -2.70 1.00E-07
Mki67 antigen identified by monoclonal antibody Ki 67 mki67 T1 -2.68 9.26E-13
Mcm3 Minichromosome maintenance deficient 3 mem3l T1 -2.16 1.45E-05
Cdc6 Cell division cycle 6 cdc6 T1 -1.86 1.06E-05
Mceml0  Minichromosome maintenance deficient 10 meml10 T1 -1.77 5.31E-06
Chekl Checkpoint kinase 1 chekl T1 -1.70 2.67E-04
Cdc20 Cell division cycle 20 cdc20 T2 -2.88 2.49E-10
Ccenbl Cyclin B1 cenbl T2 -2.72 5.35E-06
Chek2 Checkpoint kinase 2 chek?2 T2 -2.31 2.65E-08
Cdkl Cyclin-dependent kinase 1 cdkl T2 -2.29 4.47E-07
Pcna Proliferating cell nuclear antigen pcha T2 -2.12 2.32E-05
Cdk2 Cyclin-dependent kinase 2 cdk?2 T2 -1.33 3.34E-03
Mos Moloney sarcoma oncogene mos T3 -2.67 2.48E-08
Hormone receptor

Lhcgr Luteinizing hormone/choriogonadotropin receptor lhegr T3 1.74 1.19E-04
Esr2 Estrogen receptor beta esr2b T1 -1.39 1.29E-03

a. TI1, genes that were regulated similarly among all three species; T2, genes that were regulated
similarly only between human and zebrafish; T3, genes that were regulated similarly only between
mice and zebrafish.

b. Changes in gene expression were based on log2 fold of the expression in wildtype relative to those
in Pgr-KO. Genes were listed by fold change within each shared type in each category.
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Table 3. Representative genes and signaling pathways that are important for ovulation in
zebrafish.

gene gene log2 FDR

symbol gene title symbol Fold p-value
(mouse) (zebrafish)  Change®
Erbb signaling

Mapkl Mitogen-activated protein kinase 1 mapkl 4.62 4.77E-22
Abl2 V-abl Abelson murine leukemia viral oncogene 2 abl2 4.51 6.82E-46
Bcearl Breast cancer anti-estrogen resistance 1 bcarl 2.46 1.26E-09
Src Rous sarcoma oncogene src 2.15 9.01E-07
Ptprf Protein tyrosine phosphatase, receptor type, F ptprfb 1.71 2.15E-05
Itgal Integrin alpha 1 itgal 1.63 7.27E-04
Egfr Epidermal growth factor receptor egfra 1.06 1.33E-02
Abl] C-abl oncogene 1, non-receptor tyrosine kinase abll 1.05 3.19E-02

PI3K-Akt signaling pathway

Pckl Phosphoenolpyruvate carboxykinase 1, cytosolic pckl 5.81 3.98E-39
Pdgfrb  Platelet derived growth factor receptor, beta polypeptide pdgfrb 5.02 4.38E-22
Efnal Ephrin A1 efnalb 4.34 1.65E-32

Pknl Protein kinase N1 pknl 2.81 1.52E-11

Atf4 Activating transcription factor 4 atf4b2 2.40 3.99E-10
Pik3rl Phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 pik3rl 1.87 7.21E-06

Pten Phosphatase and tensin homolog ptena 1.81 8.06E-06

Cdknlb“ Cyclin-dependent kinase inhibitor 1B cdknlba 1.06 2.58E-02
Wht signaling

Foxo3 Forkhead box O3 foxo3b 3.74 2.72E-13

Dab2ip  Disabled 2 interacting protein dab2ipb 3.58 1.46E-14

Foxol Forkhead box O1 foxola 2.31 4.31E-06

Dapk3 Death-associated protein kinase 3 dapk3 2.09 1.49E-09

Smad3 SMAD family member 3 smad3a 2.02 1.34E-05

Wnt7b Wingless-type MMTYV integration site family, member 7B wnt7ba 1.93 4.00E-03

Fzd5 Frizzled homolog 5 fzd5 1.75 6.60E-06
Sfipl Secreted frizzled-related protein 1 sfiplb 1.72 2.49E-06
Axin2 Axis inhibition protein 2 axin?2 1.03 7.34E-03

Response to hypoxia

Hifla Hypoxia inducible factor 1, alpha subunit hiflal 3.69 1.43E-12
Ddit4 DNA-damage-inducible transcript 4 ddit4 3.40 1.40E-16
Ucep2 Uncoupling protein 2 ucp?2 3.17 5.06E-21
Pdk3 Pyruvate dehydrogenase kinase, isoenzyme 3 pdk3a 2.09 1.44E-07
Ppard Peroxisome proliferator activator receptor delta pparda 2.04 1.70E-04
Itpr2 Inositol 1,4,5-triphosphate receptor 2 itpr2 1.74 1.45E-05

Flt] FMS-like tyrosine kinase 1 fit] 1.29 1.83E-04
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Table 3. continued

gene gene log2 FDR
symbol gene title symbol Fold p-value
(mouse) (zebrafish)  Change
Ednl Endothelin 1 ednl 1.19 3.74E-02
Kdr Kinase insert domain protein receptor kdr 1.05 3.48E-03
NF-kappaB signaling

Nuclear factor of kappa light polypeptide gene enhancer in B cells

Nfkbia inhibitor, alpha nfkbiab 2.86 3.28E-10
HmoxI  Heme oxygenase 1 hmoxla 2.79 2.29E-06
Fbxwll  F-box and WD-40 domain protein 11 fbxwlla 1.99 1.06E-06
Casp8 Caspase 8 casp812 1.94 6.32E-04
Rela V-rel reticuloendotheliosis viral oncogene homolog A (avian) rela 1.51 3.93E-04
Tir3 Toll-like receptor 3 tr3 1.46 9.97E-05

a. Bold indicates tumor suppressor.
b. Changes in gene expression were based on log2 fold of the expression in wildtype relative to those
in Pgr-KO. Genes were listed by fold change within each shared type in each category.


https://doi.org/10.1101/069716

B1

oﬂ?ﬁ Before Maturation

¥ Maturation

B2

0vu|ation e el M'aturation

| ——, _ - a9

B3

8 Ovulation

Fig.1


https://doi.org/10.1101/069716

PC2

WT

Pgr-KO
| | | | | | |
10
5 -
0+ O
O
_5 —
_10 -
_15 —
l T I I 1 1 1
-20 -10 0 10 20 30
PC1

Fig.2


https://doi.org/10.1101/069716

!
-| IRk

' _

Fia.3

Pgr-KO


https://doi.org/10.1101/069716

DE Genes Distribution

3 down
& up

top200 top500 overall

Fig.4


https://doi.org/10.1101/069716

mm GPCR

10-
R?=0.963 [ RNAseq
O i
S 5
S
=07
=3
-10 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
V. 9D\ 0 0 QA \‘L‘b‘o% 0 Q0 o gV 3V Qo
oV SN & A% W Q \85’\{1'\'\%0\'\@8*90 OV
&3@0 (\{\rb&b(%\qz\ge & e Q &N o8 & Q\g

fig.5


https://doi.org/10.1101/069716

bioRxiv preprint doi: https://doi.org/10.1101/069716; this version posted August 15, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A. Extracellular matrix - NF-kappaB signaling Endocytosis Hpid binding o
" \ by T \
\ \ o ) | \ \
\ \ N Steroid biosynthesis T
N\ ] \
Cytoskeleton Wnt signaﬁng
reorganization, MAPK cascade/ ¥,

INK cascadg,”

Response to
rowth factor

»<°;Q, ’
~ Inflammatary response
7z /

—d
\

N
Cytokine prgduction

& 3 : 3“\ \ Ve

b/

AR v N\
D ) , S\ \\\ /./ \ 5 \\ // ¢ ,
e (\ o Apopfosis > Leukocyte Localization to
Transmembrane N Leukocyte Differentiation Membrane
Transporer Response to Hypoxia Aggregation
B mR_NA processing rRNA processing tRNA processing
|\ "ve N — § & 2

i

Mitochonarial matrix
&translation DNA rep

Catabolic processs &% W Nuclear/Cell
division


https://doi.org/10.1101/069716

bioRxiv preprint doi: https://do
certified

Zebrafish Zebrafish
Up-Requlated Down-Regulated


https://doi.org/10.1101/069716

bioRxiv preprint doi: https://doi.org/10.1101/069716; this version posted August 15, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cytoskeleton

reorganization
S Cell growth TeedE -

Inflammatory /
response

Transmembrane

transporter ' Cytokine

N =
Extracellular
matrix

. \“"1"
o

'S,
o \'/l?

“MAPK cascade/
JNK cascade



https://doi.org/10.1101/069716

