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RNF216, encoding an E3 ubiquitin ligase, has been identified as a causative gene for

Gordon Holmes syndrome, characterized by ataxia, dementia, and hypogonadotropic

hypogonadism. However, it is still elusive how deficiency in RNF216 leads to

hypogonadotropic hypogonadism. In this study, by using GN11 immature GnRH neuronal

cell line, we demonstrated an important role of RNF216 in the GnRH neuron migration.

RNA interference of RNF216 inhibited GN11 cell migration, but had no effect on the

proliferation of GN11 cells or GnRH expression. Knockdown of RNF216 increased the

protein levels of its targets, Arc and Beclin1. RNAi of Beclin1, but not Arc, normalized the

suppressive effect caused by RNF216 knockdown. As Beclin1 plays a critical role in the

autophagy regulation, we further demonstrated that RNAi of RNF216 led to increase in

autophagy, and autophagy inhibitor CQ and 3-MA rescued the GN11 cell migration deficit

caused by RNF216 knockdown. We further demonstrated that pharmacological increase

autophagy by rapamycin could suppress the GN11 cell migration. We thus have identified

that RNF216 regulates the migration of GnRH neuron by suppressing Beclin1 mediated

autophagy, and indicated a potential contribution of autophagy to the hypogonadotropic

hypogonadism.

Keywords: hypogonadotropic hypogonadism, GnRH neuron, RNF216, migration, autophagy

INTRODUCTION

The GnRH neurons in the hypothalamus secrete gonadotropin releasing hormone, which control
the production and release of the gonadotropin-luteinizing hormone (LH) and follicle-stimulating
hormone (FSH). LH and FSH stimulate gametogenesis and sex steroid production in the gonads
(1). During embryonic development, GnRH neurons migrate from the olfactory placode, through
the nasal mesenchyme, to reach their final destination in the basal forebrain (2, 3). Disruption of the
genesis, migration of GnRH neurons and/or synthesis, secretion and signaling of GnRH in humans
can lead to congenital hypogonadotropic hypogonadism (CHH) (1, 4, 5). The incidence of CHH is
about 1/4,000 in men and about 1/20,000 in women (6).
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CHH is a disorder with great heterogeneity in genetics and
phenotype (6). About 40 different genes have been associated
with CHH, only accounting for ∼50% patients (7, 8). RNF216
(ring finger protein 216), an E3 ubiquitin ligase, can mediates
ubiquitination and degradation of its target through ubiquitin-
proteasome system. Margolin et al. recently identified RNF216
mutations in Gordon Holmes syndrome, characterized by
ataxia, dementia, and hypogonadotropic hypogonadism (9). And
deficiency in RNF216 led to smaller testis and abnormal testis
development in mice (10). However, the pathological mechanism
is still unknown.

In this study, by using GN11 immature GnRH neuronal cell
line, we demonstrated that RNF216 regulates the GnRH neuron
migration by suppressing Beclin1-mediated autophagy.

RESULTS

RNA Interference (RNAi) of RNF216
Inhibited GN11 Cells Migration
To study the effect of RNF216 on the proliferation and migration
of GnRHneurons, we utilized the GN11 immature GnRHneuron
cell line (11), which is derived by limited dilution and cloning of
an olfactory tumor from amouse bearing a humanGnRH-simian
virus 40 T antigen transgene (12).

We first down-regulated the RNF216 expression in GN11 cells
using small interfering RNAs (siRNAs). As shown in Figure 1A,
both siRNAs efficiently downregulated the expression of RNF216.
We then used a 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-
tetrazolium bromide (MTT) assay to see the effect of RNF216
knockdown on the GN11 cell proliferation. As shown Figure 1B,
RNAi of RNF216 did not influence the GN11 cell proliferation.
Knockdown of RNF216 had no effect on the expression of GnRH,
either (Figure S1).

We further used a trans-well assay to study the effect
of RNF216 knockdown on the GN11 cells migration. Cells
transfected with a control siRNA or siRNAs targeting RNF216
were loaded onto the upper chamber, and cells migrated to
the bottom layer of the chamber were stained with DAPI
and counted. As shown in Figures 1C,D, RNAi of RNF216
significantly reduced the cells migrated to the bottom layer of the
chamber.

RNF216 Regulated GN11 Cells Migration
Independent of Arc
As an E3 ubiquitin-protein ligase, RNF216 mediates
ubiquitination of multiple molecules, such as TLR4, RIP1,
TRAF3, Arc, and Beclin1 (13–17). Husain et al. recently
demonstrated that Gordon Holmes syndrome-associated
RNF216 mutations lead to synaptic and cognitive impairments
via Arc mis-regulation (18). As Arc is a cytoskeletal protein
associated with cell migration (19), we first studied the
effect of Arc on the regulation of RNF216 of GN11 cell
migration. Indeed, RNAi of RNF216 upregulated significantly
the protein level of Arc (Figure S2A). We then sought to see
if downregulation of Arc (Figure S2B) could rescue the GN11
cell migration caused by RNF216 knockdown. As shown in

Figures S2C,D, the GN11 cell migration was equally suppressed
by RNAi of RNF216 regardless of Arc levels. Therefore,
RNF216 regulated GN11 cells migration independent of
Arc.

RNF216 Regulated GN11 Cells Migration
via Beclin1
RNF216 was also able to mediate the ubiquitination and
degradation of autophagy-related protein Beclin1, inhibiting
the occurrence of autophagy (17). Wang et al. demonstrated
that RNF216 can promote colorectal cancer cell proliferation
and migration by inhibiting Beclin1-dependent autophagy (20).
We then sought to determine whether RNF216 regulates the
migration of GN11 cells through Beclin1.

We first measured the Beclin1 protein level after knockdown
of RNF216 in GN11 cells. As shown in Figures 2A,B, RNAi of
RNF216 significantly increased the Beclin1 protein level. We
then investigated the GN11 cell migration after knockdown
of both Beclin1 and RNF216. While knockdown of RNF216
alone decreased the GN11 cell migration, knockdown of Beclin1
(Figure 2C) significantly rescued the migration deficit caused by
RNAi of RNF216. Knockdown of Beclin1 alone has no effect on
the GN11 cell migration (Figures 2D,E). These data indicated
that RNF216 regulated GN11 cells migration via downregulation
of Beclin1.

RNF216 Regulated GN11 Cells Migration
Through Autophagy
Beclin1 plays an essential role in autophagy induction (21–23),
we then assessed autophagy in RNF216-depleted GN11 cells by
measuring autophagymarker light chain 3 (LC3) and P62 protein
under starvation stimulation.

The LC3 antibody used in this study can only detect LC3-II
in the GN11 cells, but can detect both LC3-I and LC3-II in 293T
cell (Figure S3). As shown in Figures 3A–C, RNF216-depletion
significantly induced LC3-II in the GN11 cells. Furthermore,
RNF216-depletion also led to significant decrease in P62 protein
level.

To see the involvement of Beclin1 in the autophagy induced
by RNF216-depletion, we measured the protein levels of LC3
in GN11 cells transfected with siRNAs targeting RNF216
and Beclin1. As shown in Figure 3D, knockdown of Beclin1
normalized the LC3-II protein level induced by RNF216
deficiency, whereas RNAi of Beclin1 led to downregulation of
LC3-II protein level.

Autophagy plays an important role in regulating the
physiological function of cells, including cell migration (24). To
see if increased autophagy influx in the RNF216-depleted GN11
cells is responsible for the deficient migration, the migration
of RNF216-depleted GN11 cells was monitored with autophagy
inhibitors 3-MA and CQ. As shown in Figures 3E,F, both 3-
MA and CQ significantly reversed the migration deficiency in
RNF216-depleted GN11 cells. Our results thus suggested that
RNF216 regulated GN11 cells migration by inhibiting autophagy
flux.
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FIGURE 1 | Depletion of RNF216 inhibited GN11 cells migration. (A) Depletion of endogenous RNF216 with small interference RNAs (siRNAs). GN11 cells were

transfected with control siRNA (siNC) or RNF216-specific siRNAs (siRNF1-2). RNAi efficiency was confirmed by immunoblotting of the endogenous protein levels.

ACTIN was used as a loading control. (B) Depletion of RNF216 has no effect on cell proliferation. GN11 cells were transfected with siNC or siRNF, cell proliferation,

and viability were examined with an MTT assay at 0, 24, 48, 72, and 96 h after transfection. The quantitative data were calculated from three independent

experiments, and were shown as mean ± SEM. (C) Representative images of GN11 cells from transwell assays. Scale bar = 50µm. (D) Depletion of RNF216

decreased the number of migrated GN11 cells. Data is shown as the mean ± SEM of three independent experiments, ***P < 0.001, unpaired t-test.

Upregulation of Autophagy Inhibited GN11
Cells Migration
To further investigate if increased autophagy flux is sufficient to
halt the GN11 cells migration, we treated GN11 cells with an
autophagy activator rapamycin for 30 h and the cell migration
was monitored with a trans-well assay. The promotion of
autophagy was confirmed by immunoblotting (Figure 4A). As
shown in Figures 4B,C, themigration was decreased significantly
in the rapamycin-treated GN11 cells compared with vehicle-
treated cells.

DISCUSSION

RNF216, an E3 ubiquitin ligase, can regulate the ubiquitination
level of many substrates to participate in various physiological
activities. In this study, we demonstrated that depletion of
RNF216 disrupted the migration, but had no effect on the
proliferation of GnRH neuronal cell line. This effect seems
to be mediated by the Beclin1-regulated autophagy. We
further showed that increasing autophagy per se suppressed
the migration of GnRH neuronal cell line, suggesting
the involvement of autophagy in the pathogenesis of
hypogonadotropic hypogonadism.

The CHH-associated genes are involved in the genesis,
migration of GnRH neurons and/or synthesis, secretion and
signaling of GnRH (4). For instance, Anosmin-1, encoded
by CHH-causative gene KAL1, regulates the migration of
GnRH neuron from the olfactory placode to the hypothalamus.
KISS1/KISS1R signaling triggers the GnRH release, whereas

the gonadotrope stimulation is mediated by GNRH1/GNRHR
signaling (25). Nevertheless, many genes may be involved
in more than one processes. For example, FGF8/FGFR1
signaling not only participates in the early emergence of GnRH
neurons from the embryonic olfactory placode (26), but also
regulates the initial specification and long-term survival of
GnRH neurons (27–29). Furthermore, decreased FGF8/FGFR1
signaling disrupts the olfactory bulb morphogenesis, leading to
defects in GnRH neuronal migration (30). In this study, by
using an immortalized GnRH cell line, we demonstrated that
RNF216 regulated the GnRH neuron migration, but has no effect
on the cell proliferation and GnRH expression. As RNF216 is
also expressed in the mature GnRH cell line GT1-7 (data not
shown), it will be intriguing to investigate if RNF216 regulates

the homeostasis of GnRH neuron and/or GnRH secretion.

Autophagy is a biological process that maintains cell

homeostasis and physiological functions of cells (31, 32).
When cells are disturbed by external environment, they

can form independent double membrane structure, which
extend continuously to form autophagosome. Autophagosome,

containing segmental cytoplasm, degraded organelles and

protein, fuse with lysosomes to form autolysosome, in which
the inclusion degrade so as to adapt with outside stress (33).

Autophagy has been demonstrated to regulate cell migration

in a cell type-dependent manner; it inhibits the migration
of some cells, but stimulates the migration of other cells.

Autophagy may affect the migration of malignant glioma

cells by impacting the epithelial-mesenchymal transformation

regulator SNAIL and SLUG (34); whereas autophagy influences
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FIGURE 2 | RNF216 regulated GN11 cells migration via Beclin1. (A) Depletion of RNF216 upregulated Beclin1 protein level in GN11 cells. Beclin1 protein was

detected in GN11 cells transfected with siNC or siRNF by immunoblotting. ACTIN was used as a loading control. (B) Quantification of Beclin1 protein levels in GN11

cells as detected by immunoblotting. Data is shown as the mean ± SEM of three independent experiments, *P < 0.05, **P < 0.01. (C) Efficient depletion of

endogenous Beclin1 with siRNAs. (D) Representative images of GN11 cells from transwell assays with various treatment. Scale bar = 50µm. (E) Depletion of Beclin1

rescued the impaired GN11 cells migration induced by RNAi of RNF216. Data is shown as the mean ± SEM of three independent experiments, ***P < 0.001, two way

ANOVA.

the macrophage migration by regulating the degradation
of guanine nucleotide exchange factor (35). Moreover,
autophagy may also regulate cell migration by influencing
the assembly of cytoskeletal proteins, the formation of
focal adhension, the production of cytokines, and energy
metabolism.

Autophagy initiation is coordinated by two kinases, unc-51
like kinase 1 (ULK1, also known as autophagy-related (ATG)-1)
and vacuolar protein sorting-34 (VPS34, also known as PIK3C3).
Activation of both ULK1 and VPS34 drives the recruitment
of additional ATG proteins to phagophore membranes and
promotes autophagosomal maturation. VPS34 complex is mainly
composed of VPS34, Beclin1, and ATG14. Beclin1 governs the
autophagic process by regulating PI3KC3-dependent generation

of PI3P and the subsequent recruitment of additional ATG
proteins that orchestrate autophagosome formation (36, 37). On
the other hand, ULK1 functions in a complex with ATG13,
and focal adhesion kinase family interacting protein of 200
kDa (FIP200). mTOR plays a critical role in the autophagy
initiation through ULK1, and inhibition of mTOR by rapamycin
enhances the kinase activity of ULK1. mTOR may inhibit ULK1
through direct protein phosphorylation. Phosphorylation of
Atg13 by mTOR reduced the affinity of Atg13 for Atg1 to prevent
autophagy, as the Atg1-Atg13 association and subsequent
activation of Atg1 are required for autophagy induction. In
addition, mTOR may indirectly destabilize ULK1 and impairs
autophagy through phosphorylation of Autophagy/Beclin-1
regulator 1 (AMBRA1). Phosphorylation of AMBRA1 by mTOR
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FIGURE 3 | RNF216 regulated GN11 cells migration through autophagy. (A) Depletion of RNF216 upregulated autophagy flux in GN11 cells. The protein levels of LC3

and P62 were detected with immunoblotting in GN11 cells transfected with siNC and siRNF. ACTIN was used as a loading control. (B,C) Quantification of LC3-II (B)

and P62 (C) protein levels in GN11 cells as detected by immunoblotting. Data is shown as the mean ± SEM of three independent experiments, *P < 0.05,

**P < I0.01, unpaired t-test. (D) Knockdown of Beclin1 normalized the LC3-II protein level induced by RNF216 deficiency. The protein levels of LC3 were detected

with immunoblotting in GN11 cells transfected with respective siRNAs. ACTIN was used as a loading control. (E) Representative images of GN11 cells from transwell

assays with various treatment. Scale bar = 50µm. 3-MA (24µM) and CQ (40 nM) were used. (F) Inhibition of autophagy rescued the impaired GN11 cells migration

induced by RNAi of RNF216. Data is shown as the mean ± SEM of three independent experiments, ***P < 0.001, two way ANOVA.

prevents Lys-63-linked ubiquitination of ULK1, which causes
self-association and enhances stability of ULK1 (23, 36, 38).

In this study, we found that autophagy, elicited by
Beclin1 (RNF216 depletion) or mTOR inhibition (rapamycin
treatment), suppressed the migration of GnRH neuronal
cell line. It will be intriguing to understand the molecular

mechanisms underlying the inhibitory effect of autophagy on
GnRH cell migration. Our results also imply that increased
autophagy by genetic mutations and/or environmental factors
may contribute to the pathogenesis of hypogonadotropic
hypogonadism. Genetic studies in large CHH cohorts,
combined with cell/animal model studies, may identify

Frontiers in Endocrinology | www.frontiersin.org 5 January 2019 | Volume 10 | Article 12

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Li et al. RNF216 Regulates GnRH Neuron Migration

FIGURE 4 | Upregulation of autophagy inhibited GN11 cells migration. (A) The promotion of autophagy was confirmed by immunoblotting. ACTIN was used as a

loading control. (B) Representative images of GN11 cells from transwell assays with Rapamycin (500 nM) treatment. Scale bar = 50µm. (C) Rapamycin (500 nM)

inhibited GN11 cells migration. Data is shown as the mean ± SEM of three independent experiments, ***P < 0.001, unpaired t-test.

more autophagy-related genes to be associated with
CHH.

MATERIALS AND METHODS

Cell Culture
GN11 cell lines was gifted from Professor Sally Radovick and
Horacio Novaira. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) containing
15% fetal bovine serum (Gibco, Grand Island, NY, USA), and
25mM glucose, 5mM l-glutamine,100 mg/ml streptomycin, 100
U/ml penicillin (Gibco, Grand Island, NY, USA) in humidified
air at 37◦C with 5% CO2. GN11 cells were plated between fourth
and tenth passages. GN11 cells were passaged when reach to 90%
confluence.

Cell Transfection
GN11 cells were plated at 50% confluence and transfected
with siRNAs (50 nM) specific to RNF216, BECN1, and Arc
(GenePharma, Halley Road, Shanghai, P. R. China) using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. Control cells were transfected
with a non-targeting siRNA (50 nM) (GenePharma, Halley Road,
Shanghai, P. R. China). All treatments were performed in
Reduced-Serum Medium (Opti-MEM; Gibco, Grand Island, NY,
USA). The transfected cells were cultured in reduced-serum
medium for 6 h, then the medium was replaced by complete
medium. After 48 h, cells were harvested for immunoblotting
or subsequent assays. The effective siRNA sequences are as
following:
siRNF216-1: sense: 5′-GCAGACAGCAGACGAUAUUT
T−3′, antisense: 5′- AAUAUCGUCUGCUGUCUGCTT-3′),
siRNF216-2: sense (5′- GCUUGAAGACCAGCAGUUATT-3′),
antisense(5′- UAACUGCUGGUCUUCAAGCTT-3′).
siBECN1-1: sense (5′-GGUACCGACUUGUUCCCUATT-
3′), antisense(5′- UAGGGAACAAGUCGGUACCTT-3′),
siBECN1-2: sense (5′- GCUCCAUGCUUUGGCCAAUTT-3′),
antisense(5′- AUUGGCCAAAGCAUGGAGCTT-3′).
siArc-1: sense (5′-GCUCAGCAAUAUCAGUCUUTT-3′),
antisense(5′- AAGACUGAUAUUGCUGAGCTT-3′), siArc-2:
sense (5′- CCAGGAAGCUGAUGGCUAUTT-3′), antisense(5′-
AUAGCCAUCAGCUUCCUGGTT-3′).

Cell Proliferation Assay
The proliferation assay used a colorimetric assay based on
measuring the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT; Sigma, St. Louis, MO,
USA). GN11 cells were plated in a 96-well plate with 1,000 cells
each well and cultured in complete medium. MTT assay was
used to measure viable proliferating cells at 0, 24, 48, 72 and
96 h after plating. At the end of each experiment, 20 µL of the
5 mg/mL MTT solution was added to each well and incubated
for 4 h at 37◦C. After incubation, the medium were replaced with
100 µl DMSO (Dimethyl sulfoxide; Sigma, St. Louis, MO, USA)
each well and slowly shaked for 10min at room temperature.
Absorbance was measured at 570 nm using a spectrophotometer.
The experiments for each assay were performed with 8 replicates
for each treatment condition and repeated 3 times using different
cell passages.

Western Blot Analysis
When GN11 cells reach to 90% confluence, total protein lysates
were harvested from cells with lysis buffer (150mMNaCl, 50mM
PH7.5 Tris-HCl, 10% glycerol, 4% sodium dodecyl sulfate and
protease inhibitor cocktail [Sigma, St. Louis, MO, USA]). Cell
lysates were boiled at 100◦C for 10min and then supernatant
(10 µg) was subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) after centrifugation (13,000 g
for 10min). After electrophoresis, the proteins were transferred
onto polyvinylidene difluoride membranes. The membranes
were blocked with 5% fat-free milk in TBS with 0.1% Tween-20
for 1 h. The primary antibodies used were as following: 1:2,000
rabbit anti-RNF216 (Sigma, St. Louis, MO, USA); 1:2,000 rabbit
anti-BECN1 (Cell Signaling Technology, Danvers, MA, USA);
1:4,000 rabbit anti-P62 (Cell Signaling Technology, Danvers,
MA, USA); 1:1,000 rabbit anti-LC3 (Cell Signaling Technology,
Danvers, MA, USA). Primary antibodies were incubated at 4◦C
overnight. After washing, HRP-conjugated secondary antibodies
were incubated at room temperature for 1 h. After washing, the
blots were visualized with a chemiluminescent signal (Immobilon
Western HRP Substrate Peroxide Solution; Sigma, St. Louis, MO,
USA) and subsequently digitized (Fusion Solo; Vilber Lourmat,
Paris, France) and analyzed (Image J; National Institutes of
Health, Bethesda, Maryland, USA). The detection of every
protein was performed at least 3 times.
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Transwell Assay
Transwell assay was used to characterize GN11 cellular
migration. After GN11 cells with siRNA treatment for 36h, the
cells were harvested with 0.25% Trypsin-EDTA (Gibco, Grand
Island, NY, USA), centrifuged for 5min at 800 g, and resuspended
in serum-free medium. GN11 cells (5 × 104 cells) were seeded
onto the upper compartment of the well (Costar, Kennebunk,
ME, USA) separated by 8 mm-pore filters with 200 µL serum-
free DMEM. The lower compartment contained 500µL complete
medium. After incubation at 37◦C with 5% CO2 for 24 h, cells
on the upper side of the filters were then mechanically removed.
GN11 cells at the lower side of the filter were then fixed in
cold 100% methanol for 30min and washed twice using PBS.
Subsequently, the nuclei were stained with DAPI (Sigma, St.
Louis, MO, USA) for 30min and then washed twice using PBS.
Images were acquired under a microscope (LEICA, Germany)
and stained cells were counted in five fields to determine the
average number of cells that had migrated. The experiments for
each assay were performed with three replicates and repeated 3
times.

Quantitative RT-PCR (qPCR)
The efficiency of RNF216 silencing by siRNA and GnRH
expression were measured in GN11 cells by qPCR. Total RNA
was harvested 48 h after transfection with siRNA. Then 1 µg
of RNA was reverse transcribed using the RevertAid First
Strand cDNA Synthesis Kit, and the cDNA was analyzed by
qPCR using Maxima SYBR Green qPCR Master Mix (Thermo
Fisher Scientific, Waltham, Massachusetts, U.S.) with a 10µM
concentration of the appropriate primer pair. The primers
used to amplify RNF216 were sense primer, 5′-GCCCATCCT
CTAGGAGAGCTT-3′, and antisense primer, 5′-CCGTTTCTT
TCACTAACAGTGGA-3′. The primers used to amplify GnRH
were sense primer, 5′-AGCACTGGTCCTATGGGTTG-3′, and
antisense primer, 5′-GGGGTTCTGCCATTTGATCCA-3′. The
primers used to amplify Gapdh were sense primer, 5′-TGGATT
TGGACGCATTGGTC-3′, and antisense primer, 5′-TTTGCA
CTGGTACGTGTTGAT-3′. All samples were assayed in three
duplicate using the LightCycler R© 96 System (Roche, Basel,
Switzerland). The qPCR conditions were as follows: initial
denaturation and enzyme activation at 95◦C for 10min followed
by 40 cycles of denaturation (95◦C, 15 s), annealing, and reading
(60◦C, 30 s). Melt curve analyses were conducted after each

qPCR to demonstrate the presence of a single amplicon. Relative
expression of genes was calculated by the 2−11Ct method and
normalized to the housekeeping gene Gapdh. This experiment
was repeated 3 times.

Statistical Analysis
The data was analyzed using Prism6 software (GraphPad
Software, San Diego, CA, USA). Statistical significance were
evaluated by unpaired t-test in two independent groups. Multiple
treatment groups were analyzed using ANOVA compared
within individual experiments. Data are shown as mean ±

SEM. A P < 0.05 was considered to indicate a significant
difference.

AUTHOR CONTRIBUTIONS

FL and DL contributed equally to this work. J-DL conceived
and designed the study, performed data analysis and data
interpretation, and wrote the manuscript. D-NC designed the
study and performed data analysis. FL and DL performed
all the experiments. HL provided the cells and techniques.
B-BC provided technical assistance and helped to process the
manuscript. FJ provided instrument for performing experiment
and participated in writing the manuscript.

ACKNOWLEDGMENTS

We thank Drs. Sally Radovick, Horacio Novaira, and Tracey
Sharp for providing GN11 cells. This project was financially
supported by National Natural Science Foundation of China
Grants (31371187, 81770780, and 81728013 ); the Key research
and development programs from Hunan Province Grants
(2018DK2010, 2018DK2013); Natural Science Foundation of
Hunan Province (2018JJ3573); the Training Program Foundation
for Excellent Innovation Youth of Changsha (kq1802019); the
Fundamental Research Funds for the Central Universities of
Central South University (1053320170804).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00012/full#supplementary-material

REFERENCES

1. Kim SH. Congenital hypogonadotropic hypogonadism and Kallmann

syndrome: past present, and future. Endocrinol Metab. (2015) 30:456–66.

doi: 10.3803/EnM.2015.30.4.456

2. Whitlock KE. Origin and development of GnRH neurons. Trends Endocrinol

Metab. (2005) 16:145–51. doi: 10.1016/j.tem.2005.03.005

3. Schwanzel-Fukuda M, Pfaff DW. Origin of luteinizing hormone-

releasing hormone neurons. Nature (1989) 338:161–4. doi: 10.1038/338

161a0

4. Bianco SD, Kaiser UB. The genetic and molecular basis of idiopathic

hypogonadotropic hypogonadism. Nat Rev Endocrinol. (2009) 5:569–76.

doi: 10.1038/nrendo.2009.177

5. Bonomi M, Libri DV, Guizzardi F, Guarducci E, Maiolo E, Pignatti E,

et al. New understandings of the genetic basis of isolated idiopathic central

hypogonadism. Asian J Androl. (2012) 14:49–56. doi: 10.1038/aja.2011.68

6. Boehm U, Bouloux PM, Dattani MT, de Roux N, Dode C, Dunkel

L, et al. Expert consensus document: european consensus statement on

congenital hypogonadotropic hypogonadism–pathogenesis, diagnosis and

treatment. Nat Rev Endocrinol. (2015) 11:547–64. doi: 10.1038/nrendo.

2015.112

7. Hardelin JP, Dode C. The complex genetics of Kallmann syndrome:

KAL1, FGFR1, FGF8, PROKR2, PROK2, et al. Sex Dev. (2008) 2:181–93.

doi: 10.1159/000152034

8. Sykiotis GP, Plummer L, Hughes VA, Au M, Durrani S, Nayak-Young S,

et al. Oligogenic basis of isolated gonadotropin-releasing hormone deficiency.

Frontiers in Endocrinology | www.frontiersin.org 7 January 2019 | Volume 10 | Article 12

https://www.frontiersin.org/articles/10.3389/fendo.2019.00012/full#supplementary-material
https://doi.org/10.3803/EnM.2015.30.4.456
https://doi.org/10.1016/j.tem.2005.03.005
https://doi.org/10.1038/338161a0
https://doi.org/10.1038/nrendo.2009.177
https://doi.org/10.1038/aja.2011.68
https://doi.org/10.1038/nrendo.2015.112
https://doi.org/10.1159/000152034
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Li et al. RNF216 Regulates GnRH Neuron Migration

Proc Natl Acad Sci USA. (2010) 107:15140–4. doi: 10.1073/pnas.10096

22107

9. Margolin DH, Kousi M, Chan YM, Lim ET, Schmahmann JD,

Hadjivassiliou M, et al. Ataxia, dementia, and hypogonadotropism

caused by disordered ubiquitination. N Engl J Med. (2013) 368:1992–2003.

doi: 10.1056/NEJMoa1215993

10. Meehan TF, Conte N, West DB, Jacobsen JO, Mason J, Warren J, et al. Disease

model discovery from 3,328 gene knockouts by The International Mouse

Phenotyping Consortium. Nat Genet. (2017) 49:1231–8. doi: 10.1038/ng.

3901

11. Larco DO, Cho-Clark M, Mani SK, Wu TJ. The metabolite GnRH-(1-5)

inhibits the migration of immortalized GnRH neurons. Endocrinology (2013)

154:783–95. doi: 10.1210/en.2012-1746

12. Radovick S, Wray S, Lee E, Nicols DK, Nakayama Y, Weintraub BD, et al.

Migratory arrest of gonadotropin-releasing hormone neurons in transgenic

mice. Proc Natl Acad Sci USA. (1991) 88:3402–6. doi: 10.1073/pnas.88.8.3402

13. Chuang TH, Ulevitch RJ. Triad3A, an E3 ubiquitin-protein ligase regulating

Toll-like receptors. Nat Immunol. (2004) 5:495–502. doi: 10.1038/ni1066

14. Chen D, Li X, Zhai Z, Shu HB. A novel zinc finger protein interacts with

receptor-interacting protein (RIP) and inhibits tumor necrosis factor (TNF)-

and IL1-induced NF-kappa B activation. J Biol Chem. (2002) 277:15985–91.

doi: 10.1074/jbc.M108675200

15. Nakhaei P, Mesplede T, Solis M, Sun Q, Zhao T, Yang L, et al. The E3

ubiquitin ligase Triad3A negatively regulates the RIG-I/MAVS signaling

pathway by targeting TRAF3 for degradation. PLoS Pathog. (2009) 5:e1000650.

doi: 10.1371/journal.ppat.1000650

16. Mabb AM, Je HS, Wall MJ, Robinson CG, Larsen RS, Qiang Y, et al. Triad3A

regulates synaptic strength by ubiquitination of Arc. Neuron (2014) 82:1299–

316. doi: 10.1016/j.neuron.2014.05.016

17. Xu C, Feng K, Zhao X, Huang S, Cheng Y, Qian L, et al. Regulation of

autophagy by E3 ubiquitin ligase RNF216 through BECN1 ubiquitination.

Autophagy (2014) 10:2239–50. doi: 10.4161/15548627.2014.981792

18. Husain N, Yuan Q, Yen YC, Pletnikova O, Sally DQ, Worley P, et al.

TRIAD3/RNF216 mutations associated with Gordon Holmes syndrome lead

to synaptic and cognitive impairments via Arc misregulation. Aging Cell

(2017) 16:281–92. doi: 10.1111/acel.12551

19. Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK, Copeland

NG, et al. Arc, a growth factor and activity-regulated gene, encodes a novel

cytoskeleton-associated protein that is enriched in neuronal dendrites.Neuron

(1995) 14:433–45. doi: 10.1016/0896-6273(95)90299-6

20. Wang H, Wang Y, Qian L, Wang X, Gu H, Dong X, et al. RNF216

contributes to proliferation and migration of colorectal cancer via

suppressing BECN1-dependent autophagy. Oncotarget (2016) 7:51174–83.

doi: 10.18632/oncotarget.9433

21. Fu LL, Cheng Y, Liu B. Beclin-1:autophagic regulator and therapeutic

target in cancer. Int J Biochem Cell Biol. (2013) 45:921–4.

doi: 10.1016/j.biocel.2013.02.007

22. Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H, et al.

Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature

(1999) 402:672–6. doi: 10.1038/45257

23. Zhong Y, Wang QJ, Li X, Yan Y, Backer JM, Chait BT, et al. Distinct regulation

of autophagic activity by Atg14L and Rubicon associated with Beclin

1-phosphatidylinositol-3-kinase complex. Nat Cell Biol. (2009) 11:468–76.

doi: 10.1038/ncb1854

24. Kenific CM, Wittmann T, Debnath J. Autophagy in adhesion and migration. J

Cell Sci. (2016) 129:3685–93. doi: 10.1242/jcs.188490

25. Sykiotis GP, PitteloudN, Seminara SB, Kaiser UB, CrowleyWF Jr. Deciphering

genetic disease in the genomic era: the model of GnRH deficiency. Sci Transl

Med. (2010) 2:32rv32. doi: 10.1126/scitranslmed.3000288

26. Chung WC, Moyle SS, Tsai PS. Fibroblast growth factor 8 signaling

through fibroblast growth factor receptor 1 is required for the emergence of

gonadotropin-releasing hormone neurons. Endocrinology (2008) 149:4997–

5003. doi: 10.1210/en.2007-1634

27. Sabado V, Barraud P, Baker CV, Streit A. Specification of GnRH-1 neurons

by antagonistic FGF and retinoic acid signaling. Dev Biol. (2012) 362:254–62.

doi: 10.1016/j.ydbio.2011.12.016

28. Chi CL, Martinez S, Wurst W, Martin GR. The isthmic organizer signal

FGF8 is required for cell survival in the prospective midbrain and cerebellum.

Development (2003) 130:2633–44. doi: 10.1242/dev.00487

29. Storm EE, Rubenstein JL, Martin GR. Dosage of Fgf8 determines whether cell

survival is positively or negatively regulated in the developing forebrain. Proc

Natl Acad Sci USA. (2003) 100:1757–62. doi: 10.1073/pnas.0337736100

30. Falardeau J, Chung WC, Beenken A, Raivio T, Plummer L, Sidis Y,

et al. Decreased FGF8 signaling causes deficiency of gonadotropin-

releasing hormone in humans and mice. J Clin Invest. (2008) 118:2822–31.

doi: 10.1172/JCI34538

31. Galavotti S, Bartesaghi S, Faccenda D, Shaked-Rabi M, Sanzone S, McEvoy

A, et al. The autophagy-associated factors DRAM1 and p62 regulate cell

migration and invasion in glioblastoma stem cells. Oncogene (2013) 32:699–

712. doi: 10.1038/onc.2012.111

32. Tuloup-Minguez V, Hamai A, Greffard A, Nicolas V, Codogno P, Botti J.

Autophagy modulates cell migration and beta1 integrin membrane recycling.

Cell Cycle (2013) 12:3317–28. doi: 10.4161/cc.26298

33. Parzych KR, Klionsky DJ. An overview of autophagy: morphology,

mechanism, and regulation. Antioxid Redox Signal. (2014) 20:460–73.

doi: 10.1089/ars.2013.5371

34. Catalano M, D’Alessandro G, Lepore F, Corazzari M, Caldarola S,

Valacca C, et al. Autophagy induction impairs migration and invasion

by reversing EMT in glioblastoma cells. Mol Oncol. (2015) 9:1612–25.

doi: 10.1016/j.molonc.2015.04.016

35. Yoshida T, Tsujioka M, Honda S, Tanaka M, Shimizu S. Autophagy suppresses

cell migration by degrading GEF-H1, a RhoA GEF. Oncotarget (2016)

7:34420–9. doi: 10.18632/oncotarget.8883

36. Hurley JH, Young LN. Mechanisms of autophagy initiation. Annu Rev

Biochem. (2017) 86:225–44. doi: 10.1146/annurev-biochem-061516-044820

37. Galluzzi L, Baehrecke EH, Ballabio A, Boya P, Bravo-San Pedro JM, Cecconi

F, et al. Molecular definitions of autophagy and related processes. EMBO J.

(2017) 36:1811–36. doi: 10.15252/embj.201796697

38. Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of autophagy.

FEBS Lett. (2010) 584:1287–95. doi: 10.1016/j.febslet.2010.01.017

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Li, Li, Liu, Cao, Jiang, Chen and Li. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Endocrinology | www.frontiersin.org 8 January 2019 | Volume 10 | Article 12

https://doi.org/10.1073/pnas.1009622107
https://doi.org/10.1056/NEJMoa1215993
https://doi.org/10.1038/ng.3901
https://doi.org/10.1210/en.2012-1746
https://doi.org/10.1073/pnas.88.8.3402
https://doi.org/10.1038/ni1066
https://doi.org/10.1074/jbc.M108675200
https://doi.org/10.1371/journal.ppat.1000650
https://doi.org/10.1016/j.neuron.2014.05.016
https://doi.org/10.4161/15548627.2014.981792
https://doi.org/10.1111/acel.12551
https://doi.org/10.1016/0896-6273(95)90299-6
https://doi.org/10.18632/oncotarget.9433
https://doi.org/10.1016/j.biocel.2013.02.007
https://doi.org/10.1038/45257
https://doi.org/10.1038/ncb1854
https://doi.org/10.1242/jcs.188490
https://doi.org/10.1126/scitranslmed.3000288
https://doi.org/10.1210/en.2007-1634
https://doi.org/10.1016/j.ydbio.2011.12.016
https://doi.org/10.1242/dev.00487
https://doi.org/10.1073/pnas.0337736100
https://doi.org/10.1172/JCI34538
https://doi.org/10.1038/onc.2012.111
https://doi.org/10.4161/cc.26298
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1016/j.molonc.2015.04.016
https://doi.org/10.18632/oncotarget.8883
https://doi.org/10.1146/annurev-biochem-061516-044820
https://doi.org/10.15252/embj.201796697
https://doi.org/10.1016/j.febslet.2010.01.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	RNF216 Regulates the Migration of Immortalized GnRH Neurons by Suppressing Beclin1-Mediated Autophagy
	Introduction
	Results
	RNA Interference (RNAi) of RNF216 Inhibited GN11 Cells Migration
	RNF216 Regulated GN11 Cells Migration Independent of Arc
	RNF216 Regulated GN11 Cells Migration via Beclin1
	RNF216 Regulated GN11 Cells Migration Through Autophagy
	Upregulation of Autophagy Inhibited GN11 Cells Migration

	Discussion
	Materials and Methods
	Cell Culture
	Cell Transfection
	Cell Proliferation Assay
	Western Blot Analysis
	Transwell Assay
	Quantitative RT-PCR (qPCR)
	Statistical Analysis

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


