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Abstract

MC3T3-EL1 is a clonal pre-osteoblastic cell line derived from newborn mouse calvaria, which
is commonly used in osteoblast studies. To investigate the effects of estrogen on osteoblasts,
we treated MC3T3-EL1 cells with various concentrations of estrogen and assessed their
proliferation. Next, we performed RNA deep sequencing to investigate the effects on
estrogen target genes. Bmprla and Tgfbrl, important participants in the TGF-beta signaling
pathway, were down-regulated in our deep sequencing results. Bioinformatics analysis
revealed that estrogen receptor response elements (ERES) were present in the Bmprla and
Tgfbrl promoters. Culturing the cells with the estrogen receptor (ER) alpha or beta
antagonists 1,3-bis(4-hydroxyphenyl) -4-methyl-5-
[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP) or
4-[2-phenyl-5,7-bis(trifluoromethyl) pyrazolo[1,5- alpha]pyrimidin-3-yl] phenol (PTHPP),
respectively, demonstrated that ER beta is involved in the estrogen-mediated repression of
Tgfbrl and Bmprla.The chromatin immunoprecipitation (ChIP ) results were consistent with
the conclusion that E2 increased the binding of ER beta at the ERESs located in the Tgfbrl and
Bmprla promoters. Our research provides new insight into the role of estrogen in bone
metabolisms.

Key words: Estrogen, Estrogen receptor beta, Tgforl, Bmprla
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Introduction

Estrogen, a steroid hormone in the human body, plays an important role in many

physiological processes [1, 2], such as the maintenance of secondary sexual characteristics [3],
the development of neurons [4], and bone homeostasis [5]. Estrogen is critical to maintain
bone and bone density [6]. Estrogen deficiency often leads to the emergence of osteoporosis.
In postmenopausal women, estrogen secretion is markedly reduced, as is bone mineral density,
whereas the incidence of bone fractures is increased. This form of osteoporosis is called
postmenopausal osteoporosis (PO) [7]. An imbalance of osteoblasts and osteoclasts in the
bone causes osteoporosis [8]. PO has become one of the most important diseases that affects
older women, as it entails huge financial burdens for individuals and society, and reduces the
quality of life [9].

In 1988, Komm et al. found that ERs are expressed in osteoblasts [10], suggesting that
estrogen may have a regulatory role for osteoblasts. After the discovery of ERs on osteogenic
precursors and bone cells, an increasing number of studies has shown that estrogen has a
direct effect on osteogenesis, as well as an indirect effect that does not depend on ERs.
Kousteni et al. and others have found that estrogen can inhibit osteoblast apoptosis and
prolong osteoblast life, thereby increasing the osteogenic capacity of each osteoblast [11]. The
effect of estrogen is achieved by rapid activation of ER-mediated regulatory kinases [12]. The
lack of estrogen causes a marked increase in NF-«B activity in osteoblasts [13]. Estrogen
deficiency leads to an imbalance in bone metabolism between bone formation and resorption,

eventually leading to osteoporosis. As the mechanism is not yet clear, further studies on
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estrogen regulation of bone metabolism and its signaling pathways are required to achieve a
better understanding.

MC3T3-EL1 cells are a clonal pre-osteoblastic cell line derived from newborn mouse
calvarias, which is utilized in many osteoblast studies [14]. To investigate the effects of
estrogen on osteoblasts, we treated MC3T3-EL1 cells with various concentrations of estrogen
(17-B estradiol, E2), then monitored their proliferation and apoptosis; we then conducted RNA
deep sequencing to investigate estrogen target genes. From the differentially expressed genes
(DEGS) in the estrogen-treated groups compared with the DMSO control, we chose Tgfbrl
and Bmprla as candidate genes, as they play important roles in the transforming growth
factor beta (TGF-f) and bone morphogenetic protein (BMP) signaling pathways. Promoter
analysis revealed estrogen receptor response elements (ERE) in the Tgfbrl and Bmprla
promoter regions. Using the ERa or ER antagonists 1,3-bis(4-hydroxyphenyl) -4-methyl-5-
[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP) or
4-[2-phenyl-5,7-bis(trifluoromethyl) pyrazolo[1,5-a]pyrimidin-3-yl] phenol (PTHPP),
respectively, demonstrated that ERp is involved in the repression of estrogen in the regulation
of Tgfbrl and Bmprla.The chromatin immunoprecipitation(ChIP) results were consistent with
the conclusion that E2 increased binding to the EREs located in the Tgfbrl and Bmprla
promoters. Thus, we conclude that estrogen affects bone through negative regulation of
Tgfbrl and Bmprla in MC3T3-E1 cells. Our research provides new view insight into the

mechanisms of action of estrogen on osteoblasts.

Materials & Methods
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88
89  Cell culture
90  The clonal murine pre-osteoblastic cell line MC3T3-E1 was used in this study. The cells were
91  thawed from frozen stocks and cultured in 100-mm culture dishes in a-MEM supplemented
92  with 10% (v/v) fetal bovine serum (Gibco), 1% (w/v) antibiotics/antimycotics (the stock
93  solution contained 100 U/mL penicillin G sodium, 100 pg/mL streptomycin sulfate, and 0.25
94  pg/mL amphotericin B, in saline), 1.0 mM sodium pyruvate, 0.1 mM nonessential amino
95  acids, and 1.5 g/L sodium bicarbonate (Gibco) at 37 <C in a humidified atmosphere containing
96 5% (v/v) CO.. After establishing cultures from frozen cells, we sub-cultured the cells several
97  times. Confluent cells were detached using 0.25% trypsin in Mg?*- and Ca?*-free
98  phosphate-buffered saline (PBS) before use. For the treatment of MC3T3-E1 with E2, the
99  cells were seeded in each well of a 24- or 6-well plate with 0.5 or 2mL of culture medium.
100  The cells were incubated in the presence of E2 at different concentrations (0.01, 0.1, 1, and
101 10nM), and each concentration of E2 was maintained for three days. A group that received
102 DMSO served as the control.
103  Cell apoptosis assay
104  Cell apoptosis of MC3T3-EL1 cells was analyzed with the TUNEL Apoptosis Detection Kit
105  (Beyotime). Briefly, the cells were collected two days after treatment with E2, washed with
106  PBS, and suspended in 500ul binding bufter. Then, the cells were stained for the detection of
107  apoptosis, according to the manufacturer’s instructions. The ratio of apoptotic cells was
108 analyzed under an optical microscope by counting terminal deoxynucleotidyl transferase

109  dUTP nick end labeling (TUNEL) positive cells in six randomly selected areas.
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110

111 Total mRNA extraction

112 Total cell mMRNA was extracted using TRIzol®, according to manufacturer instruction

113 (Invitrogen). Smart Spec Plus (Bio-Rad) was used to measure the absorption at 260/280 nm to
114  assess the quality and quantity of the collected RNA. Lastly, the integrity of the extracted

115  RNA was further assessed using 1.5% agarose gel electrophoresis. Subsequently, the RNA
116  was transcribed to first strand cDNA using the First Strand cDNA Synthesis Kit (Takara) for
117  gene expression analysis.

118

119  RNAsequencing ibrary construction and sequencing

120  We used 20ug of total RNA from the control group and the10 nM E2-treated group for the
121 RNA sequencing (RNA-seq) library preparation. The collected mRNA was purified and

122 concentrated using oligo (dT)-conjugated magnetic beads (Invitrogen) before library

123 preparation. The purified mMRNA was randomly cut into fragments with the fragmentation
124  buffer. We used the mRNA as a template, with 6-base random primers (random hexamers), to
125  synthesize the first strand of cDNA. We then added dNTPs, RNase H, and DNA polymerase |
126  to the buffer, to synthesize the second strand of cDNA. Lastly, we used AMPure® XP beads
127 (Beckman) to purify the synthesized cDNA. The purification of double-stranded cDNA was
128  performed with end repair and A-tailing. The AMPure® XP beads were used to select the size
129  of the fragments. Finally, the cDNA library was obtained by PCR. Using “sequencing by

130  synthesis” technology, we sequenced the cDNA libraries with the [llumina HiSeq2500

131 high-throughput sequencing platform and obtained high-quality reads. The reads and bases
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132 sequenced by the platform were usually considered raw data, and most of them got a Q30
133 score for base quality.

134

135 Analysis of DEGs

136  Gene expression has time- and space-specific characteristics, and both external stimulation
137  and the internal environment can affect gene expression. Under two different conditions (such
138  as the control and treatment, wild-type and mutant, different times, different organizations,
139  etc.), genes that have significantly different expression are considered DEGs. Similarly,

140  transcripts with significantly different expression are called differentially expressed

141  transcripts. In bioinformatics, the process of finding differentially expressed transcripts or
142 DEGs is known as differential expression analysis.

143

144  Annotation and analysis of DEGs

145  The Gene Ontology (GO) database was built in 2000, and is a standard, structured biological
146  annotation system aimed at establishing a system of standard vocabulary and knowledge of
147  genes and their products. The GO annotation system contains three main branches: biological
148  process, molecular function, and cellular component. We used the GO database to predict the
149  functions of the DEGs identified in this study[15]. Enrichment analysis of the differences
150  between samples was carried out using Top GO. Top GO directly displays the GO node and
151  the hierarchical relationship of the DEGs. The Clusters of Orthologous Groups (COG) of
152 proteins database is constructed on the basis of the phylogeny of bacteria, algae, and

153  eukaryotes to classify the orthologues of gene products. To annotate the pathways of the


https://doi.org/10.1101/170084
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/170084; this version posted July 29, 2017. 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 4.0 International license.

154  DEGs, it is necessary to analyze the functions of the genes. The Kyoto Encyclopedia of Genes
155  and Genomes (KEGG) database is a major metabolic pathways database[16]. The analysis of
156  the over-presentation of the DEGs in a pathway is important to determine the functions of the
157  genes. In our study, COG and KEGG were used to analyze the DEGs.

158

159  Quantitative real-time PCR (gRT-PCR) validation

160  Total cell mMRNA was extracted using TRIzol®, according to manufacturer instruction

161  (Invitrogen). We subjected 10ug of total RNA to DNasel treatment with 1 U DNasel (NEB).
162  The reaction was carried out at 37 <C for 10 min followed by heat inactivation at 65<C for10
163  min. We then used 2.5ug of DNase-treated RNA for cDNA synthesis with reverse

164  transcriptase (Bio-Rad), in accordance with the manufacturer’s protocol. The expression of
165  the Gapdh gene, which the transcriptome database indicated was stable, was used as the

166  control for qRT-PCR experiments. Primers were designed for selected transcripts from the
167  transcriptome database and real-time PCR was performed with SYBR®Green | master mix
168  (TAKARA) on a CFX Connect ™ Real-Time PCR Detection System (Bio-Rad). The relative
169  expression of the transcripts was calculated using the A A Ct method. The primers are shown
170  in Table 1.

171

172 ERa and ERp antagonist treatment of MC3T3-E1 cells

173 For the ERa and ERf antagonist experiments, the ERa antagonist MPP and the ER3

174  antagonist PTHPP were added to the MC3T3-E1 cultures. After 72 h of treatment with the

175  antagonists, the cells were harvested to quantify the target gene expression.
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176

177 Chip assays

178  ChIP assays were performed according to the manufacturer’s protocol (ChIP Assay Kit,

179 Millipore). Briefly, MC3T3-E1 cells were collected after culture with or without E2,

180  cross-linked in 2% formaldehyde at 28°C for 30 min, then treated with a 1/10 volume of 1.25
181 M glycine to stop cross-linking, followed by PBS washes (three washes for 10 min each). We
182  used purified rabbit or mouse IgG (Invitrogen) as a negative control and an antibody against
183  ER} to pull down the DNA. We performed ChIP PCR using primers flanking the ERE sites,
184  as well as primers not flanking the ERE sites in the promoter regions of Tgfrl and Bmprla as
185  controls. The primers used for the ChIP PCR are listed in Table 1.

186

187  Statistics

188  Data are presented as meanzstandard deviation. Statistical differences between two groups
189  were determined with Student’s t test. Statistical differences among groups were analyzed
190  with a one-way ANOVA followed by Student’s test. All experiments were repeated at least
191  three times, and representative experiments are shown. Differences were considered

192  significant at P<0.05.

193

194  Results

195  EZ2increased MC3T3-EL1 cell proliferation

196  To determine if estrogen affects MC3T3-Elproliferation, we treated MC3T3-EL1 cells with

197  different concentrations of E2 (0, 0.01, 0.1, 1, and 10nM E2). We then performed CCK-8
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198  experiments. We found that MC3T3-E1 cell proliferation was unchanged in the low

199  concentration E2-treated groups (0.01 and 0.1 nM E2) compared with that in the DMSO

200 control groups (Fig. 1). However, in the high concentration E2 groups (1 and 10nM E2),

201 MC3T3-EL1 cell proliferation was significantly higher than in the DMSO control groups (Fig.
202  1). These data revealed that high concentrations of E2 promote MC3T3-EL1 cell proliferation.
203 In order to obtain robust data and explore the mechanisms of action of estrogen on

204  MC3T3-E1 cells, we next analyzed cells treated with the highest, supraphysiological

205  concentration of E2 (10 nM) by RNA-seq, to explore the mechanisms of action of estrogen on
206 MC3T3-EL1 cells.

207  RNA-seq and identification of DEGs

208  To assess the effects of E2 on gene transcription, we used the Cuffdiff analysis module

209  Cufflinks to analyze the differential gene expression in the samples [17]. The screening

210  criteria for significant differences in the expression of genes are [log2Ratio| > 1 and g-value<
211 0.05. Using these criteria, we identified 460 DEGs. Among those DEGs, 66 genes were

212 up-regulated and 394 genes were down-regulated in the cells treated with 10 nM E2 treated
213 group (Fig. 2).

214 GO analysis and KEGG pathway functional analysis of enriched DEGs

215 GO is an internationally standardized gene functional classification system that provides a set
216  of dynamically updated vocabularies to comprehensively describe the properties of genes and
217  gene products in organisms. The most enriched GO results for the three ontologies are shown
218 in Table 2. We found that genes that affect biological regulation, metabolic processes,

219  development, anatomical structure development, responses to stimulation, systems
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220 development, cell differentiation, cell communication, regulation of gene expression, and
221 signal transduction were enriched in the DEGs (Table 2).

222 Multiple genes coordinate their biological functions in vivo. Pathway-based analysis enables
223 further understanding of the biological functions of the genes. KEGG is the main public
224  pathway database. Because we focus on the bone metabolism process, so bone metabolisms
225  pathway was come into our view. We found that the DEGs were enriched for genes involved
226 in the pathways for cancer, MAPK signaling, TGF-p signaling, focal adhesion, Wnt signaling,
227  NF-«B signaling, and osteoclast signaling (Table 3). The TGF-p and Wnt signaling pathways
228 are important in osteoblasts. Through the pathway maps, we identified alterations in the
229  expression of Bmprla, Tgfbrl, Rockl, and spl, which are involved in the TGF-B signaling
230 pathway (Table 3). We also noted alterations in the expression of Lrp5, Vangl2, and Rockl,
231 which are involved in Wnt signaling (Table 3). In the cell cycle signaling pathway, we noted
232 alteration in the expression Ccna2 Stag2, Atr, Smcla and Rbl1. These data show that the
233 effects of estrogen maybe mediated via the TGF-f3 and Wnt signaling pathways in MC3T3-E1
234 cells.

235

236  Confirmation of DEGs expression by gRT-PCR

237  We chose the candidate target genes from the bone metabolic signaling pathway. The
238  candidate genes and their relative gene functions are listed in Fig. 3A. Among those genes,
239  Spl, Tgfbrl, and Rockl belong to the TGF-f signaling pathway; Bmprla belongs to the BMP
240  signaling pathway; Fos is from the osteoclast differentiation pathway; Lrp6 is from the Wnt

241 signaling pathway; and Adralb belongs to the calcium signaling pathway. The gRT-PCR


https://doi.org/10.1101/170084
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/170084; this version posted July 29, 2017. 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 4.0 International license.

242  results indicated that Bmprla (Fig. 3B), Tgfbrl (Fig. 3C), Rockl (Fig. 3D), Lrp6, (Fig. 3F),
243 and Sp1(Fig. 3H) were down-regulated by E2 treatment, whereas Fos (Fig. 3E) and Adralb
244  (Fig. 3G) were up-regulated. These results confirmed the differential expression after E2
245  treatment of the genes identified by RNA-seq.

246  Estrogen negatively regulated gene expression via ERp

247  Estrogen is an important endocrine regulator of bone metabolism, which mediates it effects
248  via ERs [18]. ERs are transcription factors that bind ERESs to activate or repress target gene
249  expression [19]. Two mammalian ERs have been identified, ERo and ERP [20]. Previous
250  studies revealed that estrogen represses SOST expression via ERB [21]. To investigate if the
251  differential gene expression in the E2-treated MC3T3-Elcells was mediated via ERP, we
252 analyzed the Bmprla andTgfbrl promoters using online bioinformatics software
253 (http://jaspar.binf.ku.dk/). The results identified three EREs and two EREs in the Bmprla and
254  Tgfbrlgene promoters, respectively (Fig. 4A). To determine if E2 repressed the candidate
255  genes via a particular ER, we treated MC3T3-Elcells with 10nM E2, then added the ERa
256  antagonist MPP or the ERpB antagonist PTHPP. We then performed gRT-PCR to investigate
257  candidate gene expression. We found that E2 treatment significantly down-regulated Bmprla
258 and Tgfbrl, compared to their expression in the DMSO control groups, in the MC3T3-E1
259  cells (Fig.4B-D). MPP did not rescue the E2-mediated down-regulation of Bmprla and Tgfbrl
260  (Fig. 4B-D). However, PTHPP treatment rescued the down-regulation of Bmprla and Tgfbrl
261  (Fig. 4B-D). Rescue of the candidate target gene expression by PTHPP, but not MPP, revealed
262  that estrogen negatively regulates gene expression via ER.

263  E2 increased ERP binding to the EREs of the Bmprla and Tgfbl promoters in
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264  MC3T3-Elcells

265  We next addressed the potential functionality of the EREs located in the Bmprla and Tgfbrl
266  promoters. We performed ChIP experiments using an ERP antibody to determine if ERf
267  bound to the EREs in the Bmprla and Tgfbrl promoters. We found that ER3 bound to ERE1
268  and ERES3, but not EREZ2, in the Bmprla promoter (Fig. 5A). Both of the EREs located in the
269  Tgfbripromoter were bound by ERP (Fig. 5B). To investigate if E2 treatment affected the
270  binding of ERp in the Bmprla and Tgfbrl promoters, we treated the MC3T3-E1 cells with E2
271 for 72h, then performed ChlP, followed by gRT-PCR. E2 treatment increased ERp binding to
272 ERE1 and ERES3 in the Bmprla promoter (Fig. 6C), and ERE1 and ERE2 in the Tgfbrl
273 promoter (Fig. 5D). These data demonstrated that ERf can bind to the Bmprla and Tgfbrl
274  promoters, and that E2 increased ERP binding to the EREs of the Bmprla and Tgfbrl
275  promoters in MC3T3-Elcells.

276

277  Discussion

278  E2, a synthetic, exogenous estrogen that is functionally similar to endogenous estrogen, is
279  commonly used to study the function of estrogen. MC3T3-E1 cells are a newborn mouse
280  calvarias cell line, which is commonly used in the study of osteoblasts. ERa and ERP have
281  also been identified in this cell line, so MC3T3-E1 can be used to study the role of estrogen in
282  the regulation of osteoblast function.

283 We found that estrogen increases the rates of proliferation and apoptosis in MC3T3-E1
284  cells. We used CCK-8 and TUNEL assays to investigate the proliferation and apoptosis of

285  MC3T3-EL1 cells after E2 treatment. We found no significant differences in the groups treated
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286  with low concentrations of E2 after three days. However, high concentrations of E2 promoted
287  the proliferation and apoptosis of MC3T3-EL1 cells. E2-mediated increases in the proliferation
288  of MC3T3-EL1 cells have been reported in previous studies[22, 23], but we also found a slight
289  but statistically significant increase in the number of apoptotic cells in our high concentration
290  group, which indicated that treatment with E2 for three days was slightly toxic to MC3T3-E1
291 cells.

292 Estrogen affects many signaling pathways that are associated with bone metabolism. In
293  Dboth transcriptome libraries, these pathways can be identified by GO enrichment and KEGG
294  pathway analysis of the DEGs. After E2 treatment of the MC3T3-EL1 cells, cell differentiation-
295  and cell cycle-related genes were significantly enriched among the DEGs. The involvement of
296 these pathways can explain why E2-treated MC3T3-E1 cells undergo increased cell
297  proliferation and apoptosis. KEGG signaling pathway analysis indicated that genes in the Wnt,
298  MAPK, and calcium signaling pathways, and osteoclast differentiation genes, were
299  significantly enriched among the DEGs. The enrichment of genes in these bone metabolic
300 pathways among the DEGs demonstrated osteoblast-like differentiation of the MC3T3-E1
301 cells.

302 However, in our sequencing results, in addition to these signaling pathways, we found
303 that the TGF-B signaling pathway and cancer-related signaling pathways were also enriched,
304 in contrast with the research of Zhen et al. The TGF-f signaling pathway plays an important
305 role in bone differentiation, especially in osteogenesis [24]. The TGF-f superfamily of ligands
306 includes BMPs, growth and differentiation factors, anti-mdlerian hormone, activin, nodal,

307 and the TGF-p proteins [25]. Signaling begins with the binding of a TGF-f superfamily ligand
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308 to a TGF-pB type Il receptor [26]. The type Il receptor is a serine/threonine receptor kinase,
309  which catalyzes the phosphorylation of the type I receptor [25]. Each class of ligand binds to
310  a specific type Il receptor. In mammals, there are seven known type | receptors and five type
311 1l receptors [25]. In our sequencing results, we found that Tgfbrl and Bmprla levels were
312  significantly reduced in MC3T3-E1 cells after E2 treatment, and gRT-PCR confirmed this
313 result. Tgfbrlis also called activin receptor-like kinase receptor (Alk5) [27], ALK5 protein is
314  strongly expressed in perichondrial progenitor cells for osteoblasts, and in a thin chondrocyte
315 layer located adjacent to the perichondrium in the peripheral cartilage [28]. Conditional
316  knockout of the TGF-B type I receptor AIKS in skeletal progenitor cells resulted in growth
317  plates that had an abnormally thin perichondrial cell layer, as well as reduced proliferation
318  and differentiation of osteoblasts [29].

319 The BMP receptors are a family of transmembrane serine/threonine kinases that include
320 the type I receptors Bmprla and Bmprlb, and the type Il receptor Bmpr2 [25, 30]. Deletion of
321  the receptor Bmprla in osteoblast lineage cells with a Dmp1-Cre caused a dramatic increase
322 in trabecular bone mass in postnatal mice, which was due to a marked increase in osteoblast
323  numbers. In addition to increasing the osteoblast numbers in the trabecular bone. [31].
324  Another study revealed that conditional deletion of Bmprla in differentiated osteoclasts
325 negatively regulates osteoclast differentiation. However, osteoblast-specific deletion of
326  Bmprla resulted in increased bone volume with marked decreases in BFR in tibias at eight
327  weeks of age [32, 33].Thus, physiological Bmprla signaling in bone exerts a dual function in
328  both restricting pre-osteoblast proliferation and promoting osteoblast activity. If the impact of

329 decreased Tgfbrl and Bmprla expression on MC3T3-E1 cell differentiation or increasing
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330  osteoclast activity must be further explored.

331 Cancer-related signaling pathways are the second most abundantly enriched type of
332 signaling pathway in our DEGs, and many types of cancers relative signaling are enriched,
333 including colorectal cancer, pancreatic cancer, non-small cell lung cancer, endometrial cancer,
334  and prostate cancer. This is consistent with clinical findings: estrogen is commonly used as a
335 compensatory drug for estrogen loss, after long-term estrogen treatment estrogen in the
336 initiation of many type cancer [34-36]. Although estrogen is an effective clinical treatment for
337  postmenopausal osteoporosis and other estrogen deficiency-related diseases, its negative role
338  cannot be ignored.

339 Estrogen inhibits the expression of Tgfbrl and Bmprla through ERp. Previous studies
340 have also shown that estrogen can inhibit the expression of SOST through ERp [21]. To
341 confirm that estrogen inhibits the expression of Tgfbrl and Bmprla through ERP, we used
342 ERa- and ER-specific inhibitors, and found that only the ERP inhibitor rescued the
343  expression of Tgfbrl and Bmprla. In addition, our ChIP experiment also demonstrated that
344  ERpP binds to the Tgfbrl and Bmprla promoters. In mouse lung cancer tissue, estrogen was
345  found to inhibit the expression of Bmpr2 through ERa [37]. Estrogen also inhibits the activity
346  of the TGF-B signaling pathway by promoting Smad2/3 degradation [38]. In another study,
347  estrogen replacement decreases the accumulation of TGF-B1 on vascular smooth muscle cell
348  (VSMC) [39]. In this study, we found that the ER signaling pathway and the TGF-f signaling
349  pathway participate in crosstalk, and ERB can inhibit Tgfbrl. Therefore, estrogen can
350  down-regulate the expression of Tgfbrl and Bmprla in MC3T3-EL1 cells.

351
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352 Conclusions

353 In conclusion, estrogen can affect bone metabolism via several bone metabolism-related
354  signaling pathways. In MC3T3-E1 cells, estrogen appears to affect bone by negatively
355  regulating Tgfbrl and Bmprla expression. Our research provides a new understanding of the
356  mechanism by which estrogen acts on osteoblasts.
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Figures and Figure Legends

Table 1 The primer of list in this paper

Gene name Forward primer Reverse primer Note
TGGGTACTTCAGGGATCCAG TCCTTCTCCACCTGCTGTCT
Spl gRT-PCR
GCTCCGTATCCACCGTAAAA TCTCTCGGGAAAACTTGAGC
Adrala gRT-PCR
Lrp6 GACAGACTGGGGAGAAGTGC CAGTAAAGCTTCCGCTCCTG
gRT-PCR
GATGTTCTCGGGTTTCAACG CGCAAAAGTCCTGTGTGTTG
Fos gRT-PCR
Rockl GCCCTGGTTTATGATTTGGA CCTCTGCCGATTACCTTTACC
gRT-PCR
Tgfbrl ATTGCTGGTCCAGTCTGCTT TTTTAAGGTGGTGCCCTCTG
gRT-PCR
TCCATGGCACTGGTATGAAA TAGCATCATCTGGGCAGTGT
Bmprla gRT-PCR
GGGTGTGAACCACGAGAAAT CCTTCCACAATGCCAAAGTT
Gapdh gRT-PCR
GGTACCATTGTATCCACTGAA | CTCGAGGGAGGACGCGCGTCCA
Tgfbrl Promoter clone
TTCCA TTGG
GCTCTT ATCTTATGAA AGAC GAGAGATGGCTTCTGGCAGG
Tgfbrl ERE1 ChIP
GTGACCGCTGGGAGCAGGAG TTCCCCTCTCCAAGTCCACG
Tgfbrl ERE2 ChIP
CTGACTTGCT TAAGTAAGTG GAGCATTTTCCCCACCTGTG
Tgfbrl ChIP negative control
GGATCCTTCCTTTAGAACTAA | CTCAGAGCAAGAGTCGGCGGCG
Bmprla Promoter clone
AGCTGG GTGGC
ATGCA CCTTTAAAAG AATTGTCACCACCTCTTTTC
Bmprla ERE1 ChIP
AACATC
GGAAGAAAAGAGGT GGTGAC CCAGCGGCATAAGATAAGGA
Bmprla ERE2 ChIP
CGCCGCTCCT TATCTTATGC TATAAGTCACATTGCATTTG
Bmprla ERE3 ChlIP
CGCGTTCCAT CGCGTGCTAC GGGCGCCGAGCTGCTGGTGC
Bmprila ChlIP negative control
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509  Table2 Gene ontology enriched by differentially expression genes.

Gene ontology enriched by differentially expressed genes (DEGs)

GO Id GO-term Hits P-value
GO:00685007 Biological regulation 216 0.00455
GO:0008152 Metabolic process 180 2.7T1E-06
G0O:0032502 Developmental process 118 0.00265
G0O:0048856 Anatomical structure development 103 0.00012
GO:0050896 Response to stimulus 109 0.00265
G0O:0048731 System development 83 0.00326
GO:0030154 Cell differentiation 73 9.09E-11
GO:0007154 Cell communication 73 1.71E-06
GO:0010468 Regulation of gene expression 98 0.00104
GO:0007165 Signal transduction 62 9.34E-07

510

511  Table 3 KEGG pathway enriched by differentially expression genes.

Pathway ID Pathway Terms Hits Genes P-value

ko05200 Pathways in cancer Kras, Cul2, Appl1 . Chuk, Hifla, Msh2, Mecom, Birc2, Ccna2, Fgfs, Fos  0.001764262
ko04350 TGF-beta signaling pathway Sp1, Inhba, Tgfbria, Rbl1, Rock1, Sp1, Bmpira 0.004798816
ko04010 MAPK signaling pathway Kras, Chuk, Rasal, Tgfbria, Mecom, Rasa2, Fgf5, Fos 0.01030574
ko04510 Focal adhesion Pdpk1, Vav3, Arhgap5, Birc2, Rock1, Actn2 0.01144867
ko04310 Wnt signaling pathway Lrp6 . Vangl2, Rock1 0.01263819
ko04064 NF-kappa B signaling pathway ~ Chuk. Birc2 0.01721087
ko04380 Osteoclast differentiation Chuk,Fos, Tgfbria 0.0313562

ko04810 Cell cycle Atr, Smc1a, RbM, Cena2, Stagf, 0.04867427

512

513  Figurel

514  The effects of estrogen on MC3T3-EL1 proliferation. MC3T3-Elcells were treated with

515  different concentrations of E2, then subjected to analysis with a CCK-8 assay. Student’s t-test.
516  *, P<0.05; **P<0.01.

517  Figure 2

518  The RNA-seq identified DEGs. The screening criteria to identify significant differences in the
519  expression of genes are [log2Ratio[>1 and g-value<0.05.

520 Figure 3

521  Confirmation of the mRNA levels of the DEGs by gRT-PCR. We treated MC3T3-E1 cells
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522 with 10 nM EZ2, then extracted total RNA for gRT-PCR. (A) The candidate genes involved in
523  bone metabolism. (B) The expression level of Bmprla. (C) The expression level of Tgfbrl. (D)
524  The expression level of Rockl. (E) The expression level of Fos. (F) The expression level of
525  Lrp6. (G) The expression level of Adralb. (H) The expression level of Spl. Three

526  independent experiments were conducted. Student’s t-test was performed. *, P < 0.05; **, P <

527 0.01.
528  Figure 4

529  Estrogen negatively regulated gene expression via ERB. (A) Promoter analysis forBmprila,
530 Tgfbrl, and Lrp6. T. MC3T3-E1cells were treated with 10nM E2, and 0.1uM MPP or 0.1uM
531  PTHPP, then candidate target gene mRNA levels were quantified via gRT-PCR. (B) The

532 expression level of Bmprla under different treatment conditions. (C) The expression level of
533  Tgfbrl under different treatment conditions. Three independent experiments were conducted.

534  Student’s t test was performed. *, P <0.05; **, P <0.01; NS, not significant.
535  Figure5

536  E2 increased ERp binding to the EREs located in the Bmprla and Tgfbrl promoters in

537  MC3T3-Elcells. We performed ChIP experiments on MC3T3-Elcells using an ERp antibody.
538 (A) ERp binding to the ERE1 and ERE3, but not ERE2, located in theBmprla promoter. (B)
539  ERp binding to the ERE1 and ERE2 located in the Tgfbrl promoter. We performed gRT-PCR
540  after ChIP on cells treated with E2. (C) E2 increased ERp binding to the Bmprla promoter. (D)
541  E2 increased ERp binding to the Tgfbrl promoter. Three independent experiments were

542  conducted. Student’s t-test was performed. *, P<0.05; **, P<0.01.

543  Figure 1
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ENSMUST00000001326 Sp1 Down Transcription factor binding TGF-beta signaling pathway
ENSMUST00000049005 Bmpria Down BMP receptor activity BMP signaling pathway
ENSMUSG00000007613 Tgfbri Down Component of the TGF-beta signaling pathway TGF-beta signaling pathway
ENSMUST00000067947 Rock1 Down Rho GTPase binding TGF-beta signaling pathway
ENSMUSG00000021250 Fos Up osteosarcoma oncogene Osteoclast differentiation
ENSMUSG00000030201 Lrp6 Down low density lipoprotein receptor gene family Wnt signaling pathway
ENSMUSG00000050541 Adra1b Up G protein-coupled receptor superfamily C signaling p y
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