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Abstract

Autophagy, or cellular self-digestion, is an essential cellular process imperative for energy homeostasis, development,
differentiation, and survival. However, the intrinsic factors that bring about the sex-biased differences in liver autophagy are
still unknown. In this work, we found that autophagic genes variably expresses in the steroidogenic tissues, mostly abundant
in liver, and is influenced by the individual’s sexuality. Starvation-induced autophagy in a time-dependent female-dominated
manner, and upon starvation, a strong gender responsive circulating steroid-HK?2 relation was observed, which highlighted
the importance of estrogen in autophagy regulation. This was further confirmed by the enhanced or suppressed autophagy
upon estrogen addition (male) or blockage (female), respectively. In addition, we found that estrogen proved to be the
common denominator between stress management, glucose metabolism, and autophagic action in female fish. To understand
further, we used estrogen receptor (ER)a- and ER-p2-knockout (KO) medaka and found ER-specific differences in sex-
biased autophagy. Interestingly, starvation resulted in significantly elevated mTOR transcription (compared with control) in
male ERa-KO fish while HK2 and ULK activation was greatly decreased in both KO fish in a female oriented fashion. Later,
ChIP analysis confirmed that, NRF2, an upstream regulator of mTOR, only binds to ERa, while both ERa and ERf2 are
effectively pulled down the HK2 and LC3. FIHC data show that, in both ER-KO fish, LC3 nuclear-cytoplasmic transport
and its associated pathways involving SIRT1 and DOR were greatly affected. Cumulatively, our data suggest that, ERa-KO
strongly affected the early autophagic initiation and altered the LC3 nuclear-cytoplasmic translocation, thereby influencing
the sex-biased final autophagosome formation in medaka. Thus, existence of steroid responsive autophagy regulatory-
switches and sex-biased steroid/steroid receptor availability influences the gender-skewed autophagy. Expectedly, this study
may furnish newer appreciation for gender-specific medicine research and therapeutics.

Introduction

Autophagy, a sophisticatedly regulated catabolic process
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macromolecules, is strongly activated in stress conditions to
ensure cell survival. It is stimulated above the basal or
resting rate when nutrients are scarce, cells are under stress,
and damaged organelles need to be degraded [1]. Regulated
changes through autophagy provides a positive energetic
balance and ensures renewal and proper functioning of the
cell organelles [2—4]. Both constitutive and starvation
mediated autophagy has been considered a promising target
for disease therapies [5, 6] and has recently emerged as a
mainstream research in the field of physiology and medicine
[7]. The development of gender medicine, i.e., medicine
taking into account the gender/sex differences in diagnosis
and therapy of diseases, has opened newer arenas to
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investigate the physiological and pathophysiological dis-
tinction between the two genders, taking into factor the
myriads of sex steroids involved, and thus, is a foot forward
toward re-writing many chapters in modern medicine [8, 9].

Estrogen is a sex hormone which in addition to its
essential role in sexual development and the reproductive
system is also involved in various biological responses. In
many cases, it is evident that estrogen has multiple effects
on autophagy and plays an important role in promoting
autophagy in several organs, including the liver [10, 11].
Estrogen signals choreographs the hepatic cell regeneration
and differentiation via the two different types of receptors,
namely, estrogen receptor-o (ERx) and -p (ERp) [12, 13].
Studies have shown numerous effects of estrogenic action
on autophagy and its importance in treating liver diseases
like HCC, liver cirrhosis, etc. [14]. Owing to the tighter
control of autophagy by estrogen, it would be imperative to
determine the fluctuation of autophagy corresponding to the
estrogenic and ER regulation under various physiological
and pathological conditions in the liver [11]. Autophagy is
crucial for energy homeostasis, development, differentia-
tion, and survival, and although several autophagy related
studies have been carried out in the liver, most of them are
focused on the in vitro studies owing to the dynamic nature
of the autophagic process. This opens up newer avenues to
study the intrinsic factors that bring about the sex-biased
differences in liver autophagy, in vivo.

Fish are widely recognized model due to their easy
generation, handling, gender disparity, astonishing similar-
ity human physiology, and comparatively less ethical issues
[15]. Moreover, existence of autophagy has been reported in
various fish [16-18]. So in the present work, using two
evolutionarily distant fish, Japanese anchovy (Engraulis
Jjaponicas, budding marine fish model [19, 20]) and medaka
(Oryzias latipes, established mammalian research model
[15]), we confirmed the conserved autophagic regulation
among fish and higher vertebrates, and then focused on to
unravel the sex-biased liver autophagy. Further with the
help of two ER knockouts (KO), we show that it is the
estrogen-ERs-autophagy axis that bring about the sex-
biased differences in the liver physiology.

Results
Liver autophagy is sex biased in fish

Liver is an important exo-endocrine organ in the body and
displays various histo-morphological and transcriptional
sexual differences [21]. Since our study depicted sexually
dimorphic autophagic gene expression in the liver (Fig. la
and S1A-D), we focused our attention on liver for further
analysis. Autophagy responses and its associated genomics
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is generally conserved from yeast to mammals [22], and we
also observed high evolutionary closeness of autophagy
related genes (HK2, mTOR, AMPK, ULKI, Beclinl, LC3,
etc.) from both Japanese anchovy and medaka with their
mammalian homologs (Fig. S1E).

Calcium ion homeostasis, apoptosis, glucose, and energy
homeostasis are widely accepted modulators of autophagy.
So, to comprehend the general autophagy mechanism in
liver, we treated the Japanese anchovy liver fragments with
various autophagy-altering chemicals under serum and
glucose starvation, ex vivo. Liver fragment culture con-
firmed the interconnected network of calcium ion home-
ostasis, glucose and energy balance, apoptosis, and
autophagy pathways (Fig. SIF). Further to unravel the
autophagic sex bigotry in liver, we treated the Japanese
anchovy male and female liver fragments with CaCl, or
nimodipine (calcium inhibitor) in combination with HK2
OV, under both serum and glucose starved condition.
Excess addition of both calcium and hexokinase propelled
autophagy (especially AMPK and LC3 fold activation) in a
feministic way, thus highlighting the sexual variance in
autophagic action (Figs. S1G and S1H). Later to confirm the
sexual dimorphism in autophagy, we measured the LC3
puncta and performed Transmission Electron Microscopy
(TEM) using medaka hepatocytes and liver fragments,
respectively. We found that LC3 puncta was significantly
higher in females (Fig. 1b). Similarly, TEM analysis also
depicted several autophagosomes and autolysosome in
females, while no such structures were observed in males
(Fig. 1c, d). Contrastingly, the vacuoles were at a higher
preponderance in males than their female counterparts
(Fig. 1c, d).

Sexually dimorphic autophagic induction could be linked
to several sex-sided processes, (i) energy homeostasis
[23, 24] (ii) oxidative stress [25] and (iii) sex steroids [26].
Moreover, we recently found similar interconnection of
stress, gluconeogenesis, and autophagy in the gonad [19].
To further explore the possibility of such interconnections,
we conducted a starvation experiment using Japanese
anchovy, and found that in vivo dietary restriction accel-
erated the autophagic gene expression and mitochondrial
population, especially in the females (Fig. le, S1I-K, and
S2A-E). Unlike the general notion where mitochondrial
population supposedly decreases after starvation [27], this
increased mitochondrial number might be attributed to
energy limitation/scarcity which the cells tries to mitigate
via mitochondrial fragmentation and increasing the ATP
producing surfaces [28]. Notably, we also observed female
tipped mitochondrial content. In this sense, 17p-estradiol
and progesterone, highly produced in females and known
inducer of autophagy [19], have been proved to be involved
in enhancement of both mitochondrial respiratory chain
related gene transcription and mitochondrial function [29-
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31] and thereby inducing female biased autophagy. Bio-
chemically, starvation altered the glucose metabolism, gly-
cogen storage, and oxidative stress parameters in a female
biased manner (Fig. S2G). Since oxidative stress and
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nutrient status are some of the foremost regulators of
autophagy, it is highly likely that the anti-chauvinism in
autophagic action is a cumulative effect of female-
dominated glucose regulation and stress response [25, 32].
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Fig. 1 Sex-biased autophagy in Japanese anchovy and medaka.
a Real-time PCR profiling of candidate autophagic genes. Brain (B);
Gonad (G); Head kidney (HK); Liver (L) (N="7). b LC3 puncta of
medaka female and male hepatocytes, exposed to DMSO (vehicle
control), Bafilomycin Al (Baf-Al), and starvation, were photo-
micrographed (upper panel), analyzed using ImageJ software and
plotted against respective groups (lower panel), N=15 cells
per group. White dotted lines were used to mark the cell boundaries.
¢, d TEM sections of adult female (N =3) and male (N =4) medaka
showcasing the higher autophagy and lower vacuole formation in
female than male. AL autolysosome; ER endoplasmic reticulum; L
lysosome; M mitochondria; V vacuole. e Multicolor Fluorescent
in situ hybridization (FISH) analysis of Japanese anchovy adult liver.
Cellular localization of LC3 (green) and AMPK (red) were depicted in
6-day starved anchovy female, and the white arrow indicates the
representative colocalized signal. The white box indicates the position
of inset, and the inset (bounded in white box) shows the co-
localization characteristics of LC3 and AMPK. Scale = 5 pm. f Ratio of
circulating E (estrogen) and T (testosterone) plotted against respective
liver hexokinase (HK2) transcription at different time points. Male
(N=4) and female (N=4) data are plotted on Y1 and Y2 axis,
respectively, with blue dotted line and red line. Note: Graphical data
are represented as means+SEM, and significance (p <0.05) are
denoted by different alphabets. See also Figs. S1 and S2.

Sex steroid modulates liver autophagy in fish

The amount of circulating estrogen (E) and testosterone (T)
concentration in the body determines the steroidal differ-
ence between sexes, and additionally the E/T ratio (E:T)
affects the body physiology [33]. Strong correlation was
observed between the circulating E:T and HK2 concentra-
tion among different sexes (Fig. 1f and S2F), thereby illu-
minating the steroid-autophagy interconnection. Since the
females showed a higher preponderance of both E content
and autophagic response, henceforth, we concentrated on
understanding the mechanism of estrogen regulated autop-
hagy modulation in fish. Expectedly, E, (17p-estradiol)
addition or restriction not only influenced the energy equi-
librium and ROS production, but also, respectively, induced
or suppressed the male and female autophagic action as
compared with their sexual counterparts (Fig. 2a, b and
S2H). The mature females also exhibited higher autophagic
gene transcription and estrogen concentration, and simul-
taneous lower testosterone amount than the immature
females or mature and immature males (Fig. 2c—e and
S2I-J) was observed. This furnishes the fact that the female
supremacy in estrogen production/circulation has some
intricate association with liver autophagic activity. Con-
textually, both E, and progesterone are known to enhance
the expression of ATG3, ATGS5, BECNI genes, and mod-
ulate the phosphorylation of AMPK, mTOR and Akt in
mammary epithelial cells [26]. So, it is probably not the
stress, but the actual circulating steroids that creates the
discrepancies between the male and female reaction to
stress, and this sex steroid regulated stress-effect accent-
uates the autophagic response in the body [34].
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ER are predominant regulators of liver autophagy

Estrogen receptors (ERa, ERP1 and ER(2) are the cornerstone
of estrogenic action in medaka [35]. Among the three iso-
forms, only ERa and ERB2 display female-biased transcrip-
tion in adult medaka liver [35]. To comprehend the intricacies
of estrogen and autophagic inter-regulation, we generated null
medaka tilling mutants of ERa and ERB2 (Fig. 3a and S3A-
O). Estrogen production and HK2 transcriptions were sig-
nificantly reduced in the ER-KO (ER™") females, while no
significant differences were observed in the ER™/~ males
(Fig. 3b, c). ChIP analysis revealed that medaka ERa, and not
ERp2, directly interacted with NRF2 (an upstream inhibitor of
mTOR), while both ERs affected the HK2 and LC3 activities
(Fig. 3d and S3D). ERa influenced the mTOR action, and
expectedly, upon ERa KO, the NRF/mTOR activity either
increased (females) or remained unaffected (males) (Fig. 3b).
Starvation reduced the mTOR activity in all groups as com-
pared with their respective fed counterparts, and the starved-
ERa '~ males depicted significantly higher expression than
the other groups (Fig. S3E). Thus, ERa might be responsible
for antagonistically regulating the mTOR transcription in
medaka liver. On the other hand, significant HK2 transcrip-
tional suppression in ERB2 '~ female than the ERa /'~ might
be linked to the circulating steroid concentration (Fig. S3E). In
a separate investigation, we observed that autophagic altera-
tions in germ cells of ERB2™"~ females could be rescued by
calcium signaling modulation [18]. In eukaryotes, AMPK-
independent calcium influx-regulated autophagy has also been
characterized [36]. Therefore, it is possible that ERa is
instrumental in bringing forth the constitutive HK2/mTOR/
AMPK mediated autophagy, while ERP2 is essential for the
non-canonical, probably mTOR/AMPK independent-Ca*%/
regulated autophagy. Hence, the higher mTOR augmentation
in ERa '~ males than the females, probably due to the male
dominated mTOR phosphorylation, might have resulted in the
subsequent alterations in P53 positive cells [37] (Fig. S3F).
These facts suggest that maintenance of the threshold level of
both estrogen and ERs is important for the initiation of the
early autophagy factors.

ERs directly controls LC3 transport

To investigate whether the reduction of autophagy at an
earlier stage affected the late autophagic action, we mea-
sured the transcriptional activities of ULKI, Beclinl, and
LC3, along with ULK]1 phosphorylation, and quantified both
the ULK1 and LC3 positive cell population. Significant
diminution in the ULKI and Beclinl transcription and ULK1
phosphorylation was observed, while increased LC3 RNA
amount was seen in the KO fish (Fig. 3b—e and S4A-C).
This could suggest that the reduced ER amount affected the
proper implementation of autophagy in the KO fish. To
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Fig. 2 Estrogen is responsible for regulating liver autophagy in
Japanese anchovy. a Relative mRNA (to respective control) profiles
of candidate autophagy related genes after Al (aromatase inhibitor,
Upper) and E, (lower) treatment (10 mg/kg feed) (N=28). b Liver
SOD (Superoxide dismutase) and serum glucose measurement. E,
treated XY and Al treated XX fish (N =38) are plotted on Y1 (XY,
blue) and Y2 (XX, red) axis. ¢ Estrogen concentration and d HK2

further validate the above findings, we performed cell sort-
ing and found drastically diminished ULK1 positive cell
population in both the KO groups, while the LC3 positive
cells increased substantially in the ERo™’~-XX, followed by
ERP2~/~-XX fish (Fig. 4a and S4D). However, upon star-
vation, ULK1 and LC3 positive cells became abundant in
both the sexes (Fig. S4E), thereby hinting that in order to
cope an ER scarce condition, some alternative autophagic
mechanism, which bypasses the canonical AMPK/ULKI1
pathway, was induced [36]. Although we failed to observe
any vacuole formation in the ER™~ livers, our immuno-
blotting analysis did reveal intensively aggregated LC3
expression in the hepatic nucleus of the ER™/~ fish (ERa >
ERp2), while the control fish had dispersed LC3 expression
in the cytoplasm (Fig. 4b). Despite starvation-associated
alterations in the latter autophagic genes (Beclinl and LC3),
the autophagosome formation was presumably suppressed
due to the mislocalization of LC3 protein (Figs. S4A-B and
S5A) and subsequent interaction between LC3 and autop-
hagic substrate like P62/SQSTM1 (Fig. 4c, d). Starvation
has also been reported to increase the binding of SIRT1 with

mRNA transcription quantification in mature (M) and immature (Im)
samples of each sex. e Pro-autophagic (HK2, LC3-I, and LC3-II) and
anti-autophagic (mTOR) protein profiling done with western blotting,
using Immature (N = 10), Mature (N =9) and Spent (N = 4) male and
female liver samples. GADPH was used as internal control. See also
Fig. S2.

LC3 and activating the DOR protein in the nucleus, thus
facilitating the LC3 nuclear-cytoplasm translocation [38].
So, we conducted another ChIP assay, and were able to
determine the direct association between ERa-SIRTI,
ERp2-SIRT1, and ERa-DOR (Fig. 4e). The mRNA analysis
also confirmed significant reduction of SIRTI transcription
in females of both KO groups, which could have resulted
in the reduced acetylation of LC3 [39] (Fig. 4f and S5B).
ERa '~ -specific downregulation of DOR transcription might
have affected the LC3 translocation and finally reduced the
autophagy in KO fish (Fig. 4f and S5B). Direct and specific
interaction among ERs and different autophagy related
genes are presumably the necessary checkpoints that need to
be cleared/passed before a designated cell forms autopha-
gosomes and brings about autophagy (Fig. S5C).

Discussion

Autophagy, regulated simultaneously in many tissues at the
level of the whole organism, integrates both intracellular
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independent sites. e Western blot panels of autophagy associated
proteins among various groups. (N =6, Number of times experiment
was repeated). Tubulin was used as an internal control. Note: in
graphs, data are plotted as means + SEM; different alphabets denote
significant differences at p <0.05; NC negative control; tubulin-
internal control. See also Fig. S3.
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and endocrine signals, and is suggested to be regulated by
autophagy flux, autophagy substrates, and steroid hormones
[40, 41]. The huge signaling network downstream of
estrogen promotes autophagy and also reduces over-
stimulated autophagy at the same time, which allows
autophagy to be regulated by estrogen in a restricted range
[5, 42]. The upregulation of steroid regulated autophagy is
also associated with increased reactive oxygen species [43].
Our data demonstrate that starvation-induced oxidative
stress responses are modulated by sex-biased estrogenic
activity. Studies show that sexual biasness is highly tissue
specific; for example, in rat, the autophagic responses are
male biased in heart but female biased in kidney [44]. Such
organ-specific difference can be attributed to the circulating
steroids and/or difference in steroid receptor concentration
[45]. In medaka, ERB2 and ERa expressions are higher in
female livers [35] and presently we depicted female biased
liver autophagic response, thus highlighting the inter-
correlation between steroid/steroid receptor and autop-
hagy. This was further confirmed by E, responsive altera-
tions in HK2/mTOR concentration in the liver.

Upon starvation, E:T concentration changes and creates a
situation where ER requires more transcription to cope up
with the reduced ligand situation for maintaining estrogen/
ER-associated physiological responses [46]. Multipoint
direct ER-autophagic gene relations and starvation-related
autophagy induction further suggests that ER concentra-
tions are critical. Our data indicate that, in a single ER
negative situation, compensatory response involving dif-
ferent ER was activated to maintain homeostasis and was
further amplified upon starvation in the starved-ER '~
(compared with fed ER-KO) fish. In early phase of starva-
tion, amino acid depletion regulates mTOR-ULK interac-
tion but in later phase, when energy stores are depleted and
lipid breakdown starts, the actions mostly depends on
AMPK-ULK interaction [4]. Further investigation will
decipher whether starvation-associated amplified response
is a time-dependent phenomenon or not.

Nuclear hormone receptors are known to regulate the
transcription of autophagy related genes [43]. Using ERx-
KO or ERB-KO mice, Kao et al. [13] found that ERa and
ERp orchestrate liver cell proliferation and differentiation,
respectively, and acts as a quality control gate keeper for
autophagy [47]. Recently we reported that, fish oocyte death
can switch from apoptosis to autophagy based on con-
centration of steroid hormone [19] and ER knockdown
induces autophagy in germ cells of medaka [18]. In the
present study, we found that the constitutive autophagic
responses and estrogen production were significantly
reduced mostly in the ER ™~ females. These facts suggest
that threshold of both estrogen and ERs are important for
autophagy. Our present data show that ERa inhibition lifted
the negative regulation on NRF2/mTOR and probably
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executed excessive cell growth. Despite significantly
increased mTOR transcription and ULK phosphorylation,
LC3 production was induced in ERa~’~ fish thereby con-
firming the existence of alternative autophagy. Similarly, it
was shown that, inhibition of ERa signaling stimulates
autophagosome formation and flux in ER+ breast cancer
cells [48]. This might be a feedback mechanism to put a
tight leash on autophagy by mTOR-regulated ER phos-
phorylation and anti-estrogen resistance [49]. However,
mislocalization of LC3 in both ERa™~ and ERP27/~
affected the final autolysosome formation and negated the
effective execution of full-fledged alternative autophagy in
ER '~ fish, and hence increased the P53 regulated apoptosis
to control programmed cell death.

Cumulatively, our findings suggest that liver autophagy
is influenced by the estrogen/ER concentration and exhibits
female-biased response. The ER directed multipoint actions,
especially LC3 nuclear-cytoplasmic transport is very critical
for the autophagosomes formation and holds the rein to
control excessive autophagic cell death. Since sex-biased
disease management is gaining popularity and has tre-
mendous potential for personalized gene therapy, this study
is expected to improve our understanding about gender-
specific remedial measures.

Materials and methods
Plasmid construction and mRNA transcription

pGEMT-easy plasmids carrying fragments of different
genes were used for in situ hybridization (ISH) probe
synthesis and qPCR standard preparation, wherever neces-
sary. Expression plasmids were constructed, using pCS2(+)
vector backbone and infusion cloning kit (Clonetech, USA),
containing the complete ORFs of required genes, if not
specifically mentioned. For overexpression (OV), HK2-5'-
UTR, HK2 ORF-mCherry, and HK2 3’utr, and mCherry
alone, were sequentially cloned into pCS2 vector, and
named as pCS2-HK2-mCherry-OV, pCS2-mCherry-OV,
respectively. The mRNA was transcribed with mMES-
SAGE mMACHINE T7 and SP6 kits (Ambion), following
the manufacturer’s instructions. Poly A tail was added to the
synthetic mRNA using Poly A tailing kit (Ambion).

Experimental animal, design, sampling, and
statistical analysis

In this study, all animal treatments were conducted fol-
lowing the guidelines of Ehime University and Kyushu
University, and were approved by the Institutional Animal
Care and Use Committee of both Universities. Adult
Japanese anchovy (Engraulis japonicas) and medaka
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(Oryzias latipes) cab strain were used in various experi-
ments, if not otherwise mentioned. Japanese anchovy were
maintained in flow-through water, at 24+2°C, 14h
light:10 h dark photoperiod, fed (3 times a day, @ 4% of
their body weight) with commercially available pelleted
feed (Otohime, Japan) [19]. Individual fish was biopsied to
assess the gonadal maturity status and phenotypic sex and
acclimatized in experimental tanks (100 fish/tank) for
2 weeks prior to the commencement of experiments.
Medaka was maintained at 26 +2 °C, screened for genetic
sex, using previously published protocols [18, 50], and
divided into 30 fish/9L tank, before commencing the
experiments. Steroid doses and other conditions were
determined using series of pilot experiments. Ten fish were
sampled at each stage from each group. All in vivo
experiments were conducted atleast thrice in duplicates,
using three different mature populations of fish.

(1) Starvation of Japanese anchovy: After the acclimation
period, fish were subdivided into eight different tanks
(stocking density of 100 fish/sex/3tonnes water). Fish
in tanks 1-4 were fed with the commercial diet, while
the fish in the remaining four tanks were starved
continuously for a period of 20 days. Samplings were
carried out at 2, 6, 12 and 20dat (days after treatment).
The individual fish samples were treated as pseudo-
replicate and tanks were used as replicate. Tank
averages of each category were used for statistical
analysis.

(2) Estrogen and aromatase inhibitor (AI) exposure in
Japanese anchovy: 17f-estradiol (E,, Wako, Japan)
and Al (Exemestine, GmBH, Germany) were dis-
solved in ethanol, mixed with pelleted feed at two
concentrations (10 and 100 mg/kg E,, and 10 and
100 mg/kg Al), dried overnight, fed to 100 male or
female fish, respectively, for a period of 7 days and
sampled. Vehicle controls, fed with ethanol soaked
pelleted commercial feed, were similarly maintained
and sampled. The experiments were repeated three
times, and both design and analysis were similar to the
abovementioned starvation experiment.

(3) Starvation of medaka: Wild, ERa ", and ERB27/~
homozygous medaka were used for this experiment.
Each group of both genetic male and female medaka
was subdivided into eight tanks. Half of them were
kept in normal feeding regime and other half
(remaining 4 tanks/group) were continuously starved
for 7 days. Sampling was done at the end of
experiment. The experiments were repeated three
times, and both design and statistical analysis were
similar to abovementioned starvation experiment.

(4) Ex vivo cell culture: Japanese anchovy liver was cut
into 5-6 mm sized cubes and randomly distributed on

pre-arranged submersed cell-culture system. The
submersed culture system was prepared by placing
3 cm? nylon filter paper (Millipore) on a 1 cm?® agarose
block kept in 1 ml of antibiotics (penicillin, strepto-
mycine, neomycine, and gentamycin solution) con-
taining L.15 media (per well) in six-well plate. Three
liver fragments were placed in each unit and incubated
for 1h, following which; extra 2ml of antibiotic
mixed L15 media was added. Each well was either
treated with DMSO (vehicle control), 2 mM CaCl,,
10nM CAI, 1nM rapamycine, 1 nM nimphiridin, or
100 pM NSC. Twelve such plates, divided into four
groups, i.e., SG+, S, G, SG—, were used in a single
experiment. SG+, S, G wells were, respectively,
supplemented with 10% FBS and 2 mM b-glucose,
10% FBS, and 2mM bp-glucose, while SG-wells
contained only L15 medium, for a period of 24 h. All
the incubations were performed at 27°C. The
concentration of each chemical was prefixed with
pilot experiments. The experiment was repeated for 12
times, and average of each repeat was used for
statistical analysis.

(5) Ex vivo HK2 OV: Freshly excised livers from each
sex were cut into 5-6 mm?® pieces and individually
electroporated with CUY21 EDIT electroporator and
CUY700P20 electrodes, following pre-adjusted elec-
troporation protocol (16v, 6 ms power on, 60ms
power off, 3 repeat). The tissue fragment was either
electroporated with 10pg/ml HK2-mcherry or
mcherry mRNA, and respectively grouped as HK2-
OV and mCherry. The electroporated tissue was
immediately placed in chilled L15 medium for
15 min. Later all the liver fragments were similarly
arranged and incubated in six-well type submerged
culture units, and 8 plates/group/sex was prepared.
Half of them were supplemented with 10% FBS and
extra 2 mM glucose (SG+) while the other half were
incubated in L15 medium only (SG—). Four hours
post electroporation, either one of 2 m DMSO (vehicle
control), 2 mM CaCl,, or 10nM CAI was added to
each well and cultured for 6 or 24 h at 27 °C before
sampling. The experiment was repeated for 6 different
time and average of each repeat was used for
statistical analysis.

Sample collection

Tissue distribution samplings were carried out using mature
adult fish (7/per sex). At each stage of sampling, parts of
each liver were separately stored in RNAlater (Ambion,
USA), or fixed using Bouin solution, wherever possible.
After assessing the gonadal sexuality and maturity status
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(by assessing the abundance of sperm and vitellogenic
oocytes) by histological analysis of Bouin-fixed gonads, ten
individuals of each sex were randomly selected and used for
RNA isolation. The embryos were grown at 24 °C, sampled
at stage 39 (just before hatching) and stored in RNAlater for
further analysis. For all experimental samples, parts of each
experimental liver were snap-frozen in liquid nitrogen (for
protein and enzymatic analysis), stored in PBS at —80 °C
(for steroid analysis), stored in RNAlater (for Real-time
PCR analysis), fixed in Bouin (for histology and immuno-
histochemistry (IHC)), or processed using PFA (for ISH,
fluorescent ISH (FISH), FISH-fluorescent IHC (FIHC)). In
case of medaka experiments, each experimental liver was
stored, as a whole, in either PBS at —80 °C, RNAlater or
fixed in Bouin, due to the small size. The ex vivo experi-
mental samples from each unit were either stored in PBS at
—80 °C, fixed in bouin or stored in RNAlater.

Mutant production and analysis

A gene-driven mutagenesis library (Kindly provided by
NBRP medaka, Japan) was screened for ERa and ERf2
mutation in the first exon of the ORF, following previously
published protocols of HRM (high resolution analysis)
[51, 52]. Any deviations from the wild DNA in melting
curve were selected as mutant candidate. These selected
DNAs were purified with ExoSAP-IT (GE healthcare,
USA) and sequenced using a 3100-genetic analyzer (Life
Technologies Corporation). The DNA carrying non-sense
mutation was selected and in vitro fertilization of normal
egg and the correspondent frozen sperm was performed to
produce F, progeny. The heterozygous genetic male and
female F, fish were separately backcrossed with wild Cab
strains and two lines of progeny were produced. Similar
crossing was performed repeatedly until F5 generation.
Total 64 lines of F5 fish were histologically examined and
the lines whose genetic and phenotypic sexuality are similar
(XY fish with male phenotype and XX fish with female
phenotype) were used for homozygous production (Fg
generation) using sib mating. Although several lines were
obtained, only two lines of ERa and ERf2 mutants was
used further analysis. Fg homozygous (~7) and hetero-
zygous () fish were used to produce maximum numbers
of F; homozygous fish. The present analysis was performed
using F;, Fg, and Fy generation of fish. Genotyping by tail
clipping [50] was performed to ascertain sexuality and
mutant status. The mutant analysis was further confirmed by
sequencing.

c¢DNA cloning and sequence analysis

Total RNAs were extracted from medaka and Japanese
anchovy liver, using direct-zol mini kit (Zymo, Japan) as
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previously described [53, 54]. One microgram of total RNA
was reverse-transcribed into cDNA using the superscript IV
(Invitrogen, Japan), following manufacturer’s instruction.
Using publically available information at NCBI
(http://www.ncbi.nlm.nih.gov/), degenerate primers for
each gene was constructed and partial autophagy related
genes were isolated and sequenced. RACE PCR was per-
formed to isolate the complete cDNA sequence. In case of
medaka, the ensemble medaka database (http://asia.
ensembl.org/index.html) was used to identify the cDNA
sequence followed by isolation and sequencing, using gene-
specific primers. The putative amino acid sequences were
translated using Expasy translation tools (http://web.expasy.
org/translate) and phylogenetic analysis was performed
using previously published protocols [54].

Quantification of changes in gene expression by
real-time PCR

Changes in gene expression were quantified using the CFX-
96 Real-time PCR system (Biorad, USA). Total RNA was
isolated from cells, tissue fragment, liver, and other tissues
using direct-zol mini kit (Zymo, Germany). cDNA synthesis
was carried out using iScript™ Advanced cDNA Synthesis
Kit (Biorad, USA) from 1 pg of total RNA. The first strand
cDNAs were diluted to 200 ul for subsequent use. Gene-
specific real-time PCR was performed using 2 ul of cDNA
and SYBR green master mix (Applied Biosystem, USA),
according to the manufacturer’s instructions. The PCR
conditions included an initial denaturation at 94 °C (2 min)
followed by 40 cycles at 94 °C (30s) and 60 °C (1 min).
Efla and p-actin were used as internal controls. The abso-
lute transcript copy number of each gene was determined
with the help of appropriate standard curves and normalized
with the geometric mean Efl/a and f-actin copy numbers in
each sample. Average relative expression derived from tri-
plicates was used for further analysis. The specificity of
primer sets, throughout this range of detection, was con-
firmed by the observation of a single amplification product
of the expected size, Tm (melting temperature) and
sequences. All assays were quantified, with standard curves
(mean Ct vs log cDNA dilution) having slopes between
—2.99 and —3.34, a linear correlation (Rz) between the
mean Ct and the logarithm of cDNA dilution of >0.985 in
each case. All test cDNAs were run in duplicates for
each gene.

Histology, ISH, FISH, and FIHC

Bouin fixed, paraffin-embedded samples (at least 10 fish per
group) were used for standard Hematoxylin & Eosin (HE)
staining and FIHC, while, 4% PFA fixed samples were used
for ISH and FISH. All the histological analyses were
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performed using 5-um sections. For ISH, sense and anti-
sense fluorescein or digoxigenin-labeled RNA probes were
transcribed in vitro, using RNA labeling kit (Roche Diag-
nostics GmbH, Mannheim, Germany), from plasmid DNA
containing the respective genes. Sections were depar-
affinised, hydrated, treated with proteinase K at 10 pg/ml
(Roche), and hybridized with the sense or anti-sense labeled
RNA probes at 60 °C for 18-24 h. The hybridization signals
were detected following previously published protocols
[54].

The FIHC procedures are same as previously described
[55]. Briefly, 5 um bouin-fixed tissue sections were treated
for antigen retrieval, peroxidase activity and blocked in 2%
FBS-PBS, incubated with primary (1:500 dilution) and
Alexa-tagged secondary (1:1000 dilution) antibody, and
micrographed using a confocal microscope (Axio 710,
Zeiss, Germany). HK2, mTOR, AMPK, ULKI, Beclinl,
LC3, P53, ERa, and ERp antibodies were used in our study.

Transmission electron microscopy

Fresh liver fragments of 1-2 mm® size were immediately
fixed in cold 2% paraformaldehyde (PFA) and 2% glutar-
aldehyde (GA) in 0.1 M phosphate buffer (PB) pH 7.4 at
4 °C overnight. On the following day, the samples were
washed with 0.1 M PB 3 times for 30 min each, post-fixed
with 2% osmium tetroxide in 0.1 M PB for 2 h, dehydrated
in graded ethanol solutions (50, 70, 90, and 100%), infil-
trated with propylene oxide (PO) two times for 20 min each,
put into a 70:30 mixture of PO and resin (Quetol-812;
Nisshin EM co., Tokyo, Japan) for 1 h and then the PO was
volatilized by keeping the tube cap open overnight. The
samples were transferred to a fresh 100% resin and were
polymerized at 60 °C for 48 h. The polymerized resins were
ultra-thin sectioned at 70 mm with a diamond knife using an
ultramicrotime (Ultracut UCT; Leica, Vienna, Austria),
mounted on copper grids, stained with 2% uranyl acetate at
room temperature for 15 min, and then washed with dis-
tilled water, and was further secondary-stained with lead
stain solution (Sigma-Aldrich Co., Tokyo, Japan) at room
temperature for 3 min. The grids were observed by a
transmission electron microscope (JEM-1400Plus; JEOL
Ltd., Tokyo, Japan) at an acceleration voltage of 100kV.
Digital images (3296 X 2472 pixels) were taken with a
CCD camera (EM-14830RUBY2; JEOL Ltd.,, Tokyo,
Japan).

Western blotting

The concentrations of crude liver protein extracts were
determined by the Thermo Scientific Pierce BCA Protein
Assay Kit and uniformized to 20 mg/ml, 15pl of each
sample was loaded and separated by SDS-PAGE, and then

transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Merck Millipore, German). The membranes were
incubated with diluted antibody (1:10000) overnight, and
then with 1:20,000 dilution of secondary goat anti-rabbit/
mouse HRP-conjugated Ab (Vector Laboratories) for 1 h.
The membranes were washed with TBS-tween 20 (20 mM
tris-base, 150 mM NaCl, 0.05% tween 20, pH 7.5) for
several times after each incubation. PVDF blocking buffer
(Toyobo, Japan) along with respective IgG was used for
effective blocking, while the antibodies were diluted with
Can get signal (Toyobo, Japan). Finally, band revelations
were achieved by Pierce ECL Plus Western Blot Kit
(Thermofisher Scientific, Japan) and imaging was done
using ImageQuant LAS-4000 (GE healthcare, USA). Hex-
okinase (GTX124375), mTOR (GTX124771), P62
(GTX100685), LC3 (GTX127375 and GTX82986), Beclin
(GTX31722), ULK1 (GTX80551), P53 (GTX128135)
GAPDH (GTX100118) and Tubulin (GTX6288002) anti-
bodies were procured from Genetex, Japan. Phospho ULK1
S757 (#6888) was purchased from Cell signaling.

Steroid measurement

Quick-frozen individual liver samples were thawed,
weighed, homogenized, and used for steroid extraction
using diethyl ether. Serum samples were similarly used for
steroid extraction whenever necessary. The freeze-dried
extracts were diluted in appropriated quantity of dilution
buffer (@ 20 ul per mg tissue) and used for testosterone
measurement, using testosterone high sensitivity ELISA kit
(Enzo, Japan), following manufacturer’s instructions. The
samples were further diluted (100 times) to measure the
estrogen, using 17f-estradiol high sensitivity ELISA kit
(Enzo, Japan). The steroid concentrations were calculated
based on the standard curve prepared using respective
steroids provided by the manufacturer (Enzo, Japan). Both
tissue and extract duplicates were analyzed before final
calculation. Preliminary analysis was carried out to stan-
dardize the sampling method and assessment protocols.

Autophagosome estimation

Fluorescence activate cell sorting and live cell
immunoblotting

In total, 1 mm? blood cell free liver fragment was biopsied
and incubated in L15 media containing 0.25% Trypsin for
30 min, with periodical shaking, to prepare a single cell
suspension. The enzymatic digestion was stopped using 2%
FBS and the cell suspension was immediately fixed with 2%
formaldehyde-PBS for 15 min at 4 °C, washed three times
with PBS and re-suspended in blocking solution (PBS
containing 2% FBS and 0.001% Triton X). One hour after
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incubation the cells were pelleted, incubated with Alexa-
tagged antibodies for 1 h, washed several times with PBST
(PBS +0.01% tween 20), and subjected to cell sorting
using Shimadzu PER-FLOW (Tokyo, Japan) cell sorter,
following pre-adjusted protocols of hepatic cell sorting.

The remaining liver were similarly trypsinized to produce
single cell suspension and centrifuged at low-speed cen-
trifugation at gradually increasing rates (30 x g, 40 x g, and
50x g, for 10 min) to pellet the primary hepatocytes. The
pellets were then washed with complete L15 medium and
incubated in complete L15 medium for 30 min. Later the cells
pellets were incubated with mouse-ASGR1 antibody (Ther-
mofisher Scientific, Japan, MA1-40244) followed by mag-
netic bead sorting using pre-blocked anti-mouse IgG dyna
beads to obtain a pure population of hepatocytes. Finally, the
bead-cell suspensions were treated with TrypLE (Thermo-
fisher Scientific, Japan) for 5 min, removed beads using a
magnetic stand, and hepatocyte suspension were collected
using low-speed centrifugation at 100 x g for 10 min. A total
of 10° cells/100 ul complete L15 medium were plated on
attachment factor (Invitrogen, USA) coated plastic cover slip
mounted on each wells of a 24-well plate, incubated for 6 h at
33°C, then 1 ml of L15 complete medium was added, and
further incubated for 42 h, with daily medium exchange for
complete attachment and 60—70% confluency. Two days after
incubation, the cover slips were carefully washed with L.15
medium and divided into two groups, namely, Starved and
Fed, respectively, incubated in 20 times diluted L15 medium
and complete L15 medium, for 4 h. Bafilomycin Al treat-
ments were initiated 2 h before fixation, wherever necessary.
The cells were fixed using 2% formaldehyde for 20 min,
perforated with glycine, washed with PBS, blocked using 2%
FBS-PBS-0.001% Triton X for 1h, incubated with primary
(1:300) antibody overnight, washed and re-incubated with
fluorescent tagged secondary antibody (1:1000) overnight,
and finally mounted on glass slides for microscopic obser-
vation and photomicrographed using an Axio-710 confocal
microscope (Zeiss). The images were quantified using the
default ‘Analyze particles’ plugin in Image] to analyze the
hepatocyte LC3 puncta.

Chromatin immunoprecipitation (ChiIP)

Atleast 25 kb upstream sequence (from the ORF start site)
were obtained from ensemble (http://asia.ensembl.org/
index.html), and the promoter regions were identified
using promoter 2.0 prediction server (http://www.cbs.dtu.
dk/services/Promoter/). Ten kilobyte genomic region,
including the promoter region, was further analyzed with
Dragon ERE finder version 3.0 (http://datam.i2r.a-star.edu.
sg/ereV3/), and two most potential ERE sites were pre-
dicted. For in vivo ChIP analysis, the ChIP expression-
shearing kit (Active motif) was used according to the
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manufacturer’s instructions, using 20 mg of XX or XY liver
samples (ten fish each), ERa and ERp antibody (3 mg,
Active motif, 61035 and 39767, respectively). Preliminary
experiments were conducted with 20 mg of liver samples
from ERa-GFP or ERB2-GFP mRNA-injected fish (10
adults, injected along with TransIT®-QR Delivery Solution
(Mirus-bio, USA)) and GFP monoclonal antibody (3 mg,
AbCAM, ab290), to validate the ER specificity. The ERa-
and ERpS2-GFP plasmids were constructed by sequentially
fusing ERa-/32-5'UTR, ERa-/2- ORF (stop codon less),
eGFP, and ERa-/$2-3’'UTR into a pCS2 vector, using
infusing cloning kit (Clonetech). RNA was synthesized with
mMESSAGE mMECHINE SP6 kit (Ambion, USA) fol-
lowing poly A addition using Poly A tailing kit (Ambion).
After tissue disaggregation and cell re-suspension, DNA
was sheared, according to the manufacturer’s protocols. The
ChIP procedure using ERa-/2-GFP mRNA was validated
as described earlier [50].

Data analysis

Statistical differences in relative mRNA expression between
various experimental groups were assessed by One or two-
way ANOVA of normalized data, followed by Tukey’s test
or Student’s ¢ test. All statistical analyses were performed
using SPSS, version 22. All experimental data are shown as
mean + SEM. Differences were considered statistically sig-
nificant at p <0.05, if not otherwise mentioned. The corre-
lations were calculated using the Pearson correlation
coefficient method.
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