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Abstract

Homocysteine (Hcy), produced physiologically in all cells, is an intermediate metabolite of methionine and cysteine
metabolism. Hyperhomocysteinemia (HHcy) resulting from an in-born error of metabolism that leads to accumula-
tion of high levels of Hey, is associated with vascular damage, neurodegeneration and cognitive decline. Using a HHcy
model in neuronal cells, primary cortical neurons and transgenic zebrafish, we demonstrate diminished autophagy
and Hcy-induced neurotoxicity associated with mitochondrial dysfunction, fragmentation and apoptosis. We find this
mitochondrial dysfunction is due to Hcy-induced proteotoxicity leading to ER stress. We show this sustained proteo-
toxicity originates from the perturbation of upstream autophagic pathways through an aberrant activation of mTOR
and that protetoxic stress act as a feedforward cues to aggravate a sustained ER stress that culminate to mitochondrial
apoptosis in HHcy model systems. Using chemical chaperones to mitigate sustained ER stress, Hcy-induced proteo-
toxicity and consequent neurotoxicity were rescued. We also rescue neuronal lethality by activation of autophagy

and thereby reducing proteotoxicity and ER stress. Our findings pave the way to devise new strategies for the treat-
ment of neural and cognitive pathologies reported in HHcy, by either activation of upstream autophagy or by sup-
pression of downstream ER stress.
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Introduction

Homocysteine (Hcy) is a non-proteinogenic, thiol-con-
taining alpha amino acid and is an important intermedi-
ate of methionine (Met) and cysteine (Cys) metabolism. It
is synthesized from Met by S-adenosylmethionine medi-
ated trans-methylation reactions and gets converted back
to Met through re-methylation and to Cys through the
transsulfuration pathway using B-vitamins as cofactors
(Fig. 1A). Genetic defects in these pathways or nutritional
deficiencies of folate and B-vitamins lead to elevation of
cellular and plasma Hcy which is considered toxic to the
cells and this abnormal increase of Hcy are conditions
commonly known as Hyperhomocysteinemia (HHcy)
[1]. There is strong evidence from clinical and laboratory
studies that HHcy is an independent risk factor for sev-
eral pathologies like cardiovascular diseases, endothelial
dysfunction and chronic kidney failures [2]. Several ani-
mal model studies from the last two decades and grow-
ing epidemiological evidence of association of HHcy with
age-related cognitive impairment, neurodegenerative
and cerebrovascular diseases have increased the interest
in the role of Hcy in neurological and neuropsychiatric
disorders [3]. It is believed that excess intracellular gen-
eration of Hcy may cause central nervous system dys-
function through its neurotoxic properties. Supporting
this claim, HHcy has been reported to increase the risk
of Alzheimer’s disease (AD) [4, 5], Parkinson’s disease [5,
6], Multiple Sclerosis [7], Neural tube defect [8], Bipolar
disorder [9], stroke [10] etc. as well as cochlear [11] and
retinal dysfunction [12]. In addition, maternal HHcy has
been rendered as one of the major complications in preg-
nancy to cause different functional impairments of the
offspring brain leading to the decrease in memory and
locomotors activity [13, 14]. Despite the well-established
role of HHcy in an array of neurological disorders, the
molecular consequences of high cellular levels of Hcy in
neurotoxicity are largely unknown and often conflicting.

(See figure on next page.)
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One of the causes of Hcy toxicity in different types of
cell including neurons involves endoplasmic reticulum
(ER) stress [15—17]. Disturbance of protein folding in
pathological conditions causes increased load of mis-
folded and aggregated proteins, altered cellular redox
or aberrant Ca®* signaling thus creating ER stress and
activating unfolded protein response (UPR) [18]. UPR
activation is an adaptive mechanism for maintaining cel-
lular homeostasis through induction of chaperone gene
expression, suppression of global protein synthesis and
activation of the proteasome and autophagy [19]. Fail-
ure in restoration of ER homeostasis leads to induction
of C/EBP homologous protein (CHOP), a downstream
pro-apoptotic transcription factor that triggers intrinsic
apoptosis [20]. As ER stress is a hallmark of several neu-
rodegenerative disorders [21], its role in HHcy-induced
neurotoxicity could well be a speculation. However, how
excess Hcy evokes ER stress in neurons is not yet clearly
defined.

Hcy toxicity in neuronal and other cells has frequently
been linked with mitochondrial dysfunction [22] but
whether it is a direct consequence of upstream ER stress
is not clear. Most of the existing literature suggest the
role of excess ROS or Ca’" overload in mitochondrial
dysfunction and apoptosis during HHcy, although sev-
eral studies antagonize these claims. Many reports indi-
cate an increased ROS generation and oxidative damage
[23-25] whereas several other studies show a decrease
in both ROS level and oxidative damage [26, 27] upon
Hcy treatment. Several reports also indicate that Hcy-
mediated neuronal apoptosis is by excitotoxicity through
N-methyl-D-aspartate (NMDA) receptor activation that
culminates in Ca?* overload dependent mitochondrial
permeabilization [27, 28]. However, recent studies con-
firmed that Hcy-induced neurotoxicity is different from
excitotoxic cell death and it is less dependent on calcium
imbalance [29, 30]. These opposing reports suggest that

Fig. 1 Hcy-induced neuronal toxicity is associated with mitochondrial dysfunction and apoptosis. A Simplified diagram showing Hcy

as an intermediate of Met and Cys metabolism. B Bar plot showing percentage of apoptotic cell death in SK-N-SH (human neuroblastoma), B35
(rat neuroblastoma) and rat primary cortical neurons upon Hcy (5 mM) treatment for 24 h. C Loss of mitochondrial membrane potential (AYm)

in Hey treated SK-N-SH cells as measured by potentiometric TMRE probe (500 nM). D Representative confocal images showing the release

of Cytochrome ¢ (Cyto ¢) from mitochondria in cyto c-GFP expressing primary cortical neurons treated with Hcy. Scale bar 20 um. Bar graph
represents the percentage of neurons showing Cyto c release upon Hcy treatment. E Representative immunoblot showing Cyto c level in isolated
mitochondrial and cytosolic fraction of SK-N-SH cells post Hcy treatment. F Confocal images showing high level of mitochondrial fragmentation
in mito-DsRed expressing SK-N-SH cells treated with Hcy. Insets showing zoomed portions of the images and bar graph showing the average
length distribution of different mitochondrial populations. Scale bar 10 um. G Representative transmission electron micrograph showing distorted
mitochondrial structures with disrupted cristae in SK-N-SH cells treated with Hcy. Arrowheads represent mitochondria. Scale bar 0.5 um. Bar

graph showing the quantitation of the TEM images representing the percentage of damaged mitochondrial population per cell. H Representative
immunoblot showing activated caspase-3 in primary neurons upon Hcy treatment. 3-actin was used as a loading control. I Bars showing caspase-3
activation by measuring its enzymatic activity using AcDEVD substrate in Hcy treated SK-N-SH cells. J Pan caspase inhibitor ZVAD-FMK (5 uM)
rescued Hcy-induced toxicity in both primary cortical neurons and SK-N-SH cells. Concentration of Hcy was 5 mM for cell lines and 0.75 mM

for primary neurons. Data are shown as Mean + SEM with n>3.**P<0.01. ****P <0.0001
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alternative mechanisms of Hcy neurotoxicity need to be
considered.

Apart from apoptosis, the other cell death process
that influences neurons and eventually causes neurode-
generation is autophagy [31, 32]. Autophagy is a major
cellular degradation pathway that eliminates damaged
cellular components like proteins, lipids and other orga-
nelles thus maintains cellular homeostasis [33, 34]. It is
well documented that autophagy plays an important role
in neurodegeneration and it is activated during ER stress
to maintain protein homeostasis and neuronal survival
[35, 36]. However, autophagy can also cause mitochon-
drial dysfunction and apoptosis through Beclinl and
other pro-apoptotic proteins [37, 38]. Though HHcy has
been shown to induce ER stress and apoptosis, its effect
on autophagy is not well documented. Couple of reports
describe a decrease [39, 40] whereas several studies show
an increase [41, 42] in autophagy during HHcy. Thus the
role of autophagy in Hcy-induced toxicity is an important
area that requires further elucidation.

As ER stress-induced UPR-activation also maintains
cellular homeostasis through crosstalk with autophagy
and mitochondrial functionality to determine cell fate,
studies on the functional interrelation of these three
processes in different pathologies is attracting immense
importance [43]. Because the mechanisms of neurotoxic-
ity during HHcy is unclear, and as alteration of all these
three cellular processes are reported in Hcy-induced tox-
icity, we examined whether the neuronal lethality result-
ing from HHcy is mediated by perturbation of fine-tuned
crosstalk among those pathways. In three model systems
— neuronal cell lines, cultured primary cortical neurons
and transgenic zebrafish — we find that HHcy causes neu-
ronal apoptosis by sequential perturbation of autophagy,
ER stress and mitochondrial dysfunction. We also dem-
onstrate that mitochondrial dysfunction is not due to oxi-
dative stress or mitochondrial Ca®" overload, rather due
to proteotoxicity. Importantly, we rescue this neuronal
lethality independently by both the upstream activation
of autophagy and downstream blocking of ER stress using
chemical chaperones. Reanalyzing the transcriptomic
data of a transgenic viable hyperhomocysteinemic Dros-
ophila model, we also show that HHcy-induced systemic
autophagic perturbation is counterbalanced by intrinsic
activation of the stress response pathway for its survival
and that further strengthen our experimental results.

Materials and methods

Cell culture, transfection and stable cell line generation
Cell culture media and reagents were purchased from
Thermo Fisher unless otherwise mentioned. Neuro-
blastoma cells SK-N-SH (Human), Neuro-2a (mouse)
and B35 (rat) were purchased from ATCC. All three
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neuroblastoma cells were maintained in DMEM, sup-
plemented with 10% FBS and 100 units of Antibiotic—
Antimycotic solution. Primary dissociated cultures of
cortical neurons were prepared following the published
protocol [44] with slight modifications. The cortices of
E18 embryos harvested from pregnant Sprague Dawley
rats and the dissociated cortical neurons were seeded
on poly-L-lysine (1 mg/ml) coated 18 mm coverslips
at 25,000 cells/sq.cm. and on pre-coated 60 mm dishes
(BD Biosciences) at 13000-15000 cells/sq.cm. These
cultures were maintained in Neurobasal medium with
B-27 supplement till DIV 7-9. To prevent the growth of
glial cells, cytosine arabinoside (Ara-C) was added at a
concentration of 1.5 pM on DIV-3. Ara-C was replen-
ished every seven days in the culture media, till the time
of harvest. For stable cell generation in neuroblastoma
lines, cells were transfected with GFP-LC3 and mitoD-
sRed plasmids using lipofectamine 2000 and Opti MEM
medium as per manufacturer’s instructions. Plasmids
(500 ng) were mixed with lipofectamine 2000 (1:2 ratio)
and left to stand for 20 min. After 4—6 h post transfec-
tion, culture media was replaced with fresh complete
growth media. 48 h post-transfection, cells were treated
with G418 (Sigma) initially at a concentration of 100 pg/
ml. After two days the culture media was changed with a
growth medium without G418 to allow them to grow fur-
ther. The exposure of G418 was repeated to a final con-
centration of 1 mg/ml till 80—-90% cells were positive for
the expression of the plasmid. For the selection of stable
clones, a single cell suspension of 100 cells/60 mm dish
were seeded and allowed them to form colonies. Every
colony was screened for GFP or DsRed signal under fluo-
rescence microscope and the single positive colony with
highest signal intensity was selected and cultured rou-
tinely in a growth medium containing 50 pg/ml of G418.
These cells were used for further experiments. Primary
cortical neurons were transiently transfected with GFP-
LC3 and mitoDsRed plasmids using lipofectamine 2000
and Opti-MEM medium as per manufacturer’s instruc-
tion. Cells were cultured in a humidified atmosphere
under standard growth condition of 37 °C with 5% CO,.
Identity authentication of SK-N-SH cells were carried
out by STR profiling (Lifecode Technologies) and myco-
plasma testing was carried out regularly using a myco-
plasma detection kit (Lonza).

Zebrafish maintenance and morpholino microinjection

Wild type =zebrafish and stable transgenic line
Tg(HuC:Kaede), which was obtained from RIKEN [45],
was bred, raised and maintained at 28.5 °C on a 14 h
light/10 h dark cycle and were housed at the CSIR —
Institute of Genomics and Integrative Biology (IGIB),
Mathura Road, New Delhi, India. All experiments were
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approved by the Institutional Animal Ethics Committee
(IAEC). Morpholinos were synthesized by Gene Tools
(Philomath, OR, USA). For knockdown of Cystathionine-
[B-synthase (CBS), a cocktail of translation blocking mor-
pholinos against CBSa and CBSb genes were used along
with a 5-base mismatch control morpholino. 8 ng of each
of the morpholinos was injected into 1-cell stage embryos
at a constant volume of 3 nl. Microinjection was done in a
PLI-90 Pico-Injector (Harvard Apparatus) equipped with
a Narishige micromanipulator. Glass capillary needles
(World Precision Instruments) were pulled using Sutter
Instrument (USA) and for every microinjection, needles
were calibrated using Drummond Microcaps (Sigma, Cat
No. P1424). Following morpholino injections, embryos
were placed in E3 medium in 90 mm Petri dishes at a
density of 80 embryos per dish. Embryos were raised at
28 °C till 24 hpf. The sequences of the morpholinos were
as follows:

CBSa MO: 5-GGGACTGAAGGCATTATTCCT
CAAT-3"
CBSb MO: 5-CTGGCATGGTTTACCCTGACT
ATCA-3"
Cntl MO: 5-GGCACTCAAGGCAATATACGT
CAAT-3.

Lentiviral transduction

Lentiviral particles were generated using Lenti-X TM
293 T cell line (Clontech). 3rd generation lentiviral pack-
aging plasmids, pRSV-Rev (addgene ID 12253), pMDLg/
pRRE (addgene ID 12253) and pMD2.G (addgene ID
12259), were used. Lenti HEK 293 cells were plated 24 h
before transfection and transfected with the plasmid
cocktail (packaging and transfer plasmids) using Lipo-
fectamine 2000. Briefly plasmid cocktails were trans-
fected using lipofectamine in 1:2 ratio in Opti-MEM
media; this medium was then replaced by normal growth
medium 4 h post transfection. Media containing viral
particles were harvested twice, once 48 h post transfec-
tion and the second time, 72 h post transfection. This
media was first cleared by low speed centrifugation and
then filtered through a 0.45 um pore size polyethersul-
fone membrane. To calculate multiplicity of infection,
firstly, the lentiviruses were titrated by qPCR based len-
tiviral titration kit (LV900, ABM) followed by counting
positive colonies for respective titration volumes. Mon-
olayer cultures of SK-N-SH and B35 cells (5% 10° cells/
ml) grown in a 6-well plate were infected with lentiviral
vectors at a multiplicity of infection of 10 for 24 h fol-
lowed by a change of media. The cells were incubated for
another 2 days and then analyzed for ATG5 and ATG7
overexpression.
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Antibodies and reagents

The following antibodies were used for performing west-
ern blotting: anti-Beclinl (CST 3495, 1:1000), anti-ATG5
(CST 2630, 1:1000), anti-ATG7 (CST 8558, 1:1000),
anti-LC3B (CST 12741, 1:1000), anti-p62 (BD 610833,
1:1000), anti-BiP (BD 610979, 1:2000), anti-CHOP
(CST 2895, 1:1000), anti-IRElp (Enzo ADI-905-727-
100, 1;1000), anti-mono and polyubiquitinylated conju-
gates (Enzo BMLPW8810, 1:1000), anti-GAPDH (CST
5174, 1:2000), anti-Actin (BD 612657, 1:2000), anti-
a-Tubulin (CST 2125, 1:2000), anti-Phospho-mTOR
(CST 2974, 1:1000), anti-mTOR (CST 2983, 1:1000),
anti-Phospho-p70 S6K (CST 9205, 1:1000), anti-p70
S6K (CST 9202, 1:1000), anti-phospho-4EBP1 (CST
2855, 1:1000), anti-4EBP1 (CST 9644, 1:1000) and for
zebrafish, anti-Beclinl (Abcam ab207612, 1:1000) and
anti-p62 (Abcam ab56416, 1:1000). Horseradish per-
oxidase (HRP) conjugated anti-rabbit (GE Healthcare,
NA934) and anti-mouse (GE Healthcare, NA931) sec-
ondary antibodies were used. RIPA lysis buffer (Pierce,
89,901) and for zebrafish NP-40 lysis buffer (Thermo
Fisher, FNNO0021) with protease inhibitor cocktail
(Roche, 04693159001) and phosphatase inhibitor cock-
tail (Roche, 4,906,845,001) for lysate preparation. Homo-
cysteine (H4628), Trypan blue (T8154), CSA (30,024),
RuRed (R2751), 4-PBA (P21005), DiOC6 (318,426), NAC
(A7250), FCCP (C2920) and TUDCA (T0266) were
from Sigma. Rhod 2AM (R1244), TMRE (T669), Mito-
SOX Red (M36008), DCFDA (C6827), Propidium iodide
(P3566), Annexin V-Alexa fluor 488 (A13201), annexin
binding buffer (V13246) were from Invitrogen and Wort-
mannin (BML-ST415-0005), Z-VAD-FMK (ALX-260—
020-M005), Rapamycin (BML-A275-0025), Bafilomycin
A1l (ALX-380-030) were from Enzo.

Lysate preparation

Equal number of cells were incubated in RIPA buffer,
supplemented with protease inhibitor cocktail and phos-
phatase inhibitor cocktail for 30 min at 4 °C and then
centrifuged at 10,000 rpm for 20 min at 4 °C. Same proto-
col was followed for zebrafish embryos (with equal num-
ber of embryos) except that embryos were homogenized
in the NP-40 lysis buffer for about 10-20 s at 800 rpm
before incubation for 30 min. After incubation, it was
centrifuged at 10,000 rpm for 20 min at 4 °C. After cen-
trifugation, the supernatant was used as lysate.

Western blotting

Lysates were boiled in 5X Laemmli Buffer for 10 min
before loading. An equal concentration of protein (30 pg)
was resolved by 8-12% SDS-PAGE and then transferred
onto 0.2 um PVDF membrane. The membranes were
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blocked with 5% BSA for 2 h at room temperature fol-
lowed by an overnight incubation in respected primary
antibodies at 4 °C. Membranes were washed thrice (for
15 min each time) with TBS containing 0.1% tween and
then incubated with HRP-conjugated secondary anti-
body (GE, 1:10,000 dilution) at room temperature for 2 h.
Proteins were detected using the Immobilon chemilumi-
nescent substrate for HRP (Millipore) and images were
analyzed by chemiluminescent image analyzer (G:Box).
Quantitation was performed by Image]J software.

Homocysteine measurement

Intracellular Hcy concentration was detected using
HPLC. Neuroblastoma cells were harvested by trypsini-
zation and were washed with 1X PBS. Cells were lysed
in RIPA buffer and 100 ul of the cell lysate was treated
with 35 pl of 1.43 M sodium borohydride in 0.1 M NaOH
(to reduce disulphide bonds). Then 10 pl of amyl alcohol
was added to avoid foaming, followed by addition of 35
ul of 1 M HCL. To this mixture, 50 ul of 7 mM bromo-
biamine in 5 mM sodium EDTA (pH 7.0) was added (to
conjugate the reduced thiols with flurophore) and the
solution was incubated at 42 °C for around 15 min fol-
lowed by incubation at RT for another 30—45 min. 50 pl
of 1.5 M perchloric acid was used to precipitate intracel-
lular proteins followed by centrifugation at 12,000 rpm
for 10 min; the supernatant was neutralised with 6 ul of
2 M Tris base. From this, 4 pl of derivatized sample was
injected into a 100X 4.6 mm, 1.8 micron Eclipse plus C18
column using Agilent-1260 Ultra-high performance liq-
uid chromatography (UPLC). Column was equilibrated
with 90% buffer A (Composed of 5% methanol and 0.86%
acetic acid in water) and 10% Buffer B (100% methanol).
Thiols were eluted from the column with linear gradi-
ent of both buffers (from 90% buffer A, 10% buffer B to
0% buffer A and 100% buffer B) in 7 min. Flow rate was
maintained at 0.7 ml/min at RT. Standard curve was gen-
erated with known concentrations of Hcy. Results were
quantified by taking the area for the Hcy-bimane peak
and calculating its concentration using a regression equa-
tion derived from a standard curve. For zebrafish sam-
ples, 24 hpf embryos were lysed in NP-40 buffer and 100
ul of the lysate was used for subsequent processing.

Imaging analysis

For confocal imaging, SK-N-SH and B35 cells stably
expressing GFP-LC3 and DsRed were grown on cov-
erslips and next day pretreated with various inhibitors
and inducers of autophagy and ER stress (as indicated
in results section). Following treatment with Hcy, cells
were washed with cold PBS (1X) and fixed with 4% para-
formaldehyde for 10-20 min at room temperature. Cov-
erslips were then mounted onto glass slides using DAPI
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containing mounting solution (Invitrogen) and sealed.
These fixed cells were imaged at 63X using oil immer-
sion objective of a laser scanning confocal microscope
(LSM510 META, Ziess) equipped with a camera. Suitable
excitation and emission band pass filters for GFP-LC3
and DsRed were used to design light path and images
were captured. For the quantification of GFP-LC3 puncta
at single cell level, cells were counted and cells with more
than 10 puncta were considered positive. At least 50
cells were counted for three different experiments. Mito-
chondrial length analysis were done using Fiji package in
Image]2.

For imaging, zebrafish embryos at 24 hpf were embed-
ded in 2.5% methylcellulose and imaged using a Nikon
SMZB00N (ED Plan 0.75X objective) stereo-microscope
at 5X. Fluorescence images were taken using ZEISS Axi-
oskop 40 microscope at 5X. Confocal microscopy was
performed with Nikon AR1 confocal microscopy with
plan apo 10X objective.

Immunofluorescence analysis

Cells grown on coverslips were fixed using fixing solu-
tion (37% formaldehyde and 0.2% Glutaraldehyde in TBS)
for 20 min at 4 °C. Cells were then permeabilized with
0.1% Triton X-100 for 10 min at 4 °C. After that, block-
ing was done with 2% BSA for 2 h at room temperature.
This was followed by overnight primary antibody (1:250
in 1% BSA) incubation at 4 °C. After that, cells were
washed thrice with Tris-buffered saline (TBS) for 15 min
each. Thereafter, alexa fluor 647 conjugated secondary
antibody (1:500 in 1% BSA) (Thermo A21244) was added
to the cells for 2 h at room temperature. Finally, three
washes of 15 min each were given to the cells followed
by mounting with Prolong Gold mounting solution with
DAPI (Thermo P36935). Confocal images were taken at
63X objective.

Transmission electron microscopy

For electron microscopy, SK-N-SH cells were fixed with
2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight. The samples were
osmicated with 1% osmium tetroxide post fixation and
then dehydrated in graded series of alcohol and infil-
trated with Epon 812 resin. Ultrathin sections were cut
on RMC ultramicrotome, collected on copper grids and
stained with uranyl acetate and lead citrate. Samples
were visualized on Tecnai G2 20 twin (FEI) transmission
electron microscope. Morphologic analyses of the TEM
images were performed manually on a sample of at least
25 randomly selected images in each of the control and
the Hcy-treated groups. Healthy mitochondrial popu-
lation was selected by their dense matrix with tightly
packed granules and well-defined cristae structures.
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Whereas, damaged mitochondria were selected by their
swelled and fragmented structures with less dense matrix
and disrupted cristae structures. Autophagosomes were
selected by their double-membraned vesicular structures,
a well-defined and characteristic feature of autophagic
vesicles.

Cell viability assays

For trypan blue exclusion assay, cells were seeded at a
density of 5x10* per well in 24-well flat bottom culture
plates and treated next day with the indicated concen-
tration of Hcy for 24 h. Following treatment, cells were
collected (including floaters, which are dead cells) and
stained with trypan blue (0.4% solution) for 2 min. Live
cells (trypan negative) and dead cells (trypan positive)
were counted with the help of hemocytometer and cell
death were represented as percentage of dead cells. For
primary cortical neurons, 4 X 10* cells were seeded onto
coverslips for seven days. Then cells were treated with the
indicated concentration of Hcy for 24 h. Following treat-
ment, cells were stained with Propidium iodide (PI) for
10 min. Stained cells then fixed with 4% PFA (paraform-
aldehyde) for 15-20 min and mounted onto glass slides
using DAPI containing mounting solution. Slides were
imaged and representative images were captured. PI pos-
itive cells were counted in at least 10 different fields per
experiment (n=3).

Apoptotic cell detection
Apoptosis detection was done using Alexa fluor-488
and PI dual staining method. Both the neuroblastoma
cells from human and rat origin were seeded onto 6-well
plates at a density of 1x 10° cells per well. Next day cells
were treated with 5 mM concentration of Hcy for 24 h.
Following treatment, cells were harvested by trypsiniza-
tion and washed twice with PBS. Then the harvested cells
were suspended in Annexin V binding assay buffer and
labeled with Alexa fluor-488 and PI for 15 min as per
manufacturer’s protocol. Neuroblastoma cells were then
analyzed by flow cytometry (BD Bioscience) and a mini-
mum of 10,000 cells were collected per sample. Early and
late apoptosis was determined by using bi-variant plot
analysis and data was represented as percentage of apop-
totic (early + late) cell death. In the case of primary neu-
rons, 40,000 cells grown on cover glass were treated with
Hcy as indicated above. Post treatment, cells were labeled
with Annexin V-Alexa fluor 488 antibody and PI. Images
were captured at 40X objective under epifluorescence
microscope using suitable emission filters. To quantify
apoptotic cell death in primary neurons, at least 10 differ-
ent fields were counted per group per experiment (n=3).
For zebrafish embryos, apoptotic cells were detected
by TUNEL assay using In Situ Cell Death Detection Kit

Page 7 of 23

(Fluorescein, Roche) according to manufacturer’s proto-
col. Briefly, Embryos were fixed with 4% paraformalde-
hyde, overnight at 4 °C, followed by gradual dehydration
(30%, 50%, 70%, 100%) with methanol and kept at -20 °C
overnight. Next day, embryos were gradually rehydrated
and then permeabilized by treating them with 25 pg/ml
proteinase K for 10 min at 30 °C and incubated with the
TUNEL reaction mixture (labeling solution plus enzyme
solution) at 37 °C for 2 h in a humidified atmosphere.
This was followed by two washing with PBST, before
imaging. Each sample contained approximately thirty
embryos which were analyzed by Nikon Ti2-E confocal
microscopy. For rescue experiments, in vitro translation
(IVT) and microinjection of Beclinl mRNA was done as
per previously published protocol [46]. 250 pg of Bec-
lin1 mRNA was co-injected with the CBS morpholino at
1-cell stage.

Cytochrome c (Cyto c) release assay

Cyto c release from mitochondria was measured as pre-
viously described [47]. For imaging analysis, cells were
transfected with Cyto c-GFP plasmid and later treated
with Hcy for 24 h. Then coverslips were washed twice
with PBS and transferred to the microscope stage for
imaging the Cyto c-GFP distribution. For immunodetec-
tion, Hcy treated cells were harvested and washed with
PBS. Equal number of cells were then re-suspended in
1 ml PBS containing 100 mM KCI and 50 pg/ml digitonin
for permeabilization and it was done at 37 °C for 10 min
with continuous stirring. Then the membrane and super-
natant fractions were isolated rapidly by centrifugation at
10,000 g for 5 min, followed by immunoblotting.

Mitochondrial calcium measurement

For detection of mitochondrial calcium level, Rhod-2AM
staining was performed. Samples were subjected to Hcy
treatment for 24 h following which the total fluorescence
intensities of Rhod- 2AM was measured either by using a
micro-plate reader (Tecan) for neuroblastoma cells or by
a fluorescence microscope (Zeiss) for primary neurons.

Mitochondrial membrane potential measurement

Mitochondrial membrane potential (A¥Ym) was exam-
ined using two potentiometric dyes—TMRE and DiOC6.
The mean fluorescence intensities were measured by flu-
orescence plate reader and by microscope. Hcy treated
neuroblastoma cells were harvested and washed with
PBS and then incubated with TMRE (500 nM) for 15 min
in the dark at 37 °C. For primary cortical neurons, 40,000
cells were grown in a 12-well culture plate as mentioned
above. After that cells were treated with Hcy for 24 h
and then labeled with DiOC6 (200 nM) for 30 min in the
dark. After staining cells were washed with 1X PBS and
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fixed with 4% paraformaldehyde for 10-20 min. Cover-
slips were mounted onto glass slides and observed under
the 40X objective of a fluorescence microscope (Nikon
Eclipse) using suitable emission filters for the dyes.
Images were captured using Nlite-Software. Quantitation
of fluorescence intensity was performed using volocity
software (Perkin Elmer) and at least 10 different images
were quantified per group per experiment (n=3).

Measurement of reactive oxygen species (ROS)

Total and mitochondrial ROS levels were detected using
the fluorescent dyes 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA) and MitoSOX respectively. Cells
were incubated with DCFH-DA (10 uM) and MitoSOX
Red (5 pm) for 15 min in the dark, and the mean intensity
of fluorescence was measured either by flow cytometry
or by fluorescence microscopy (using 20X objective). Per-
centage of mean fluorescence intensities were calculated
for representation.

Caspase activity assay

Following treatment, cells were trypsinized and har-
vested and washed with 1X PBS. Cells were resuspended
in cell lysis RIPA buffer and homogenized by intermittent
vortexing and incubating on ice for 30 min. Cell lysates
were centrifuged at 15,000 X g for 20 min at 4 °C and the
supernatant was collected for total protein estimation
using BCA method. A total of 100 pg protein from each
sample was used for caspase-3 activity in the buffer con-
taining Ac-DEVD-AMC substrate according to manufac-
turer’s protocol (Enzo life sciences).

Source and preprocessing of fly expression data

The GSE148109 expression profiling dataset was used to
determine the effect of deletion of cystathionine B-syn-
thase (CBS) on autophagy and ER stress. The raw RNA-
seq read counts of CBS8 deletion and control group were
obtained for three biological replicates of whole female
fly, Drosophila melanogaster. The data were normalized
for sequencing depth and library composition using vari-
ance stabilizing transformation implemented in R pack-
age, DeSEQ2 [48]. The gene identifiers were matched
with gene symbol using R package, org.Dm.eg.db (Marc
Carlson (2020). org.Dm.eg.db: Genome wide annota-
tion for Fly. R package version 3.12.0.). Genes related to
autophagy pathway and heat-shock proteins were filtered
for further analysis. Thereafter, the hierarchical clus-
ter analysis based on Euclidean distance was performed
using R package, pheatmap (Raivo Kolde (2019). pheat-
map: Pretty Heatmaps. R package version1.0.12.).
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Statistical analysis

Until otherwise mentioned all the data are from 3
independent experiments. Results were expressed as
mean = SEM. Statistical significance between control and
treated groups were tested by unpaired student’s t test.
For more than two samples, one-way Anova was used.
P-value <0.05 was considered as significant.

Results

Hcy-induced neuronal toxicity is associated

with mitochondrial dysfunction and apoptosis

We first assessed the effect of Hcy on survival of neuronal
cells and for this purpose we treated a human neuro-
blastoma cell SK-N-SH with different doses of Hcy. Cell
death assay by Trypan blue counting method showed a
modest amount (almost 40%) of death upon treatment
with 5 mM Hcy for 24 h (Figure S1A). To further check
how much of 5 mM Hcy was entered inside the cell, we
measured the intracellular level of Hcy in treated and
untreated cells by HPLC. It showed that the intracellular
concentration of Hcy was in micromolar range and there
was a eightfold increase in Hcy level in the cells treated
with 5 mM Hcy (Figure S1B), a finding consistent with
previous report [49] and also with the HHcy condition.
Similar experiments using B35 and Neuro-2a cells, a rat
and a mouse origin neuroblastoma cells respectively,
showed similar levels of cell death (40-50%) upon 5 mM
Hcy treatment (Figure S1 C & D). We further checked
Hcy toxicity in a more physiological set-up using cul-
tured primary cortical neurons from rat. Primary neu-
rons showed more sensitivity to Hcy and a similar level
of cell death (almost 40%) was achieved by 0.75 mM Hcy
treatment for 24 h (Figure S1E). To prove that the cell
death observed was not simply due to amino acid toxic-
ity and the specificity of Hcy, we treated neuroblastoma
cells with similar doses of Met and Cys for 24 h. Both
these amino acids associated with Hcy metabolism had
a negligible effect on neuronal cell death (Figure S1F).
To further test the tissue specific deleterious effect of
Hcy, we treated HEK293 (Kidney), HeLa (Cervix), MCF7
(Breast) and A549 (Lung) cells with 5 mM Hcy for 24 h.
In all these cells we found a negligible (“10%) toxic effect
of Hcy (Figure S1G). So, it indicates that Hcy has a spe-
cies independent neuron specific toxicity.

Since apoptosis has been implicated in HHcy in a few
previous studies [50, 51], we assessed the mode of cell
death in our system. Annexin V/PI assay confirmed that
Hcy-induced neuronal toxicity was mainly apoptotic
(Fig. 1B and Figure S1H). We then determined whether
Hcy-induced apoptosis was intrinsic in nature involv-
ing mitochondria as mitochondrial alteration was also
reported in HHcy [52]. To test that we first measured



Kaur et al. Cell Communication and Signaling (2023) 21:258

mitochondrial membrane potential (AY'm) using poten-
tiometric fluorescent dyes TMRE and DiOC6 in control
and Hcy-treated cells. Hcy treatment showed 60-70%
loss of A¥m compared to control cells (Fig. 1C and S1I).
Next, we determined the outer mitochondrial membrane
(OMM) permeabilization [53], a hallmark of mitochon-
drial apoptosis, in treated and untreated cells by employ-
ing two different methods. Firstly, we measured Cyto ¢
release from mitochondria using a cyto c-GFP construct.
Imaging at single cell level using Cyto c-GFP express-
ing primary neurons showed OMM permeabilization by
Hcy as evident by loss of punctuate distribution of Cyto
c in treated cells. Almost 60% of the Hcy treated neurons
showed mitochondrial Cyto-c release (Fig. 1D). We fur-
ther confirmed cyto c release from mitochondria in Hcy
treated cells by immunoblot of separated mitochondrial
and cytosolic fractions (Fig. 1E). As OMM permeabiliza-
tion is frequently associated with loss of mitochondrial
integrity, we tested mitochondrial morphology upon Hcy
treatment. Mitochondrial fragmentation was confirmed
in Hcy-treated neurons expressing a mitochondrial
matrix targeted mtDsRed construct (Fig. 1F). Transmis-
sion electron microscopic studies of cellular sections fur-
ther showed Hcy-induced loss of normal mitochondrial
morphology as evident by a substantial presence of frag-
mented and swollen mitochondria with disrupted cristae
(Fig. 1G). Next, we measured the activation of caspase-3
upon Hcy treatment to confirm the execution phase of
intrinsic apoptosis. Our data confirmed that Hcy treat-
ment activated caspase-3 in neuronal cells as evident by
increased cleaved caspase-3 band in western blot and
also the increased caspase-3 enzyme activity (Fig. 1H &
I; S1J). Finally, we showed that neurotoxicity upon Hcy
treatment was prevented by caspase-3 inhibitor Z-VAD-
EMK (Fig. 1] and S1K). Taken together, the results dem-
onstrate that Hcy-induced neurotoxicity is associated
with mitochondrial dysfunction and intrinsic apoptosis.

(See figure on next page.)
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ER stress generated by Homocysteine causes
mitochondrial dysfunction and neuronal toxicity

Several previous reports mentioned that Hcy gener-
ates ER stress in different cellular systems [16, 54]
and increased ER stress markers were also reported
in fibroblasts derived from severe HHcy patients
[55]. However, it is not clear whether ER stress solely
causes the deleterious effect of Hcy in cells or whether
there is some crosstalk between ER and mitochondria
which finally culminates to cellular demise. To inves-
tigate it, we first tested the effect of Hcy on ER stress
in our experimental set-up. Hcy treatment resulted in
ER stress in both primary neurons and SK-N-SH cells
(Fig. 2A), as evident by the significant induction of ER
chaperones GRP78 (also named BiP), ER stress associ-
ated apoptotic marker CHOP (C/EBP homologous pro-
tein) and phosphorylation of IRE1 (inositol-requiring
enzyme-1), three well-known ER stress indicators. We
next evaluated whether this ER stress was necessary
for the deleterious effect of Hcy on neuronal cells. For
this purpose we tested 4-phenylbutyric acid (4-PBA)
and Tauroursodeoxycholic acid (TUDCA), two chemi-
cal chaperones with known ER stress reducing activity
in cellular and animal models [56], in our system. We
first confirmed that Hcy-induced ER stress markers
were rescued upon the treatment of the cells by 1 mM
of 4-PBA (Figure S2A). Moreover, 4-PBA significantly
reduced Hcy-induced cell death in both primary neu-
rons and SK-N-SH cells (Fig. 2B) and also in B35 rat
neuroblastoma cells (Figure S2B). Treatment of cells
with TUDCA also showed similar results against Hcy-
induced neuronal death (Figure S2C). This depicts
that ER stress generated by Hcy is causal to its toxic
effect on neuronal cells. Next, we investigated whether
Hcy-induced ER stress caused mitochondrial dysfunc-
tion and apoptosis in neuronal cells. Indeed, we saw
the rescue of mitochondrial fragmentation (Fig. 2D
and Figure S2D) and caspase-3 activation (Fig. 2C) by

Fig. 2 ER stress generated by Hcy causes mitochondrial dysfunction and neuronal toxicity. A Representative immunoblots showing expression
levels of ER stress markers in Hey treated SK-N-SH (left) and primary neurons (right). 3-actin was used as a loading control. Densitometric values

in the blots represent the ratio of respective protein signal to $-actin signal normalized to control. B Bar graphs showing rescue of Hcy-induced
cell death in SK-N-SH and primary neurons by the chemical chaperone; 4-PBA. C Immunoblot analysis showing that only Hcy-condition causes
caspase-3 activation (Cle-Casp-3) from the inactive pool of procaspase-3 (Pro-Casp-3) and the blockage in cleavage and activation of caspase-3
by 4-PBA in Hcy-treated primary neurons. Arrows marking the bands for respective inactive and active forms of Caspase-3. D Representative
confocal images showing the rescue of mitochondrial fragmentation by 4-PBA in mitoDsRed expressing SK-N-SH cells upon Hcy treatment. Insets
showing zoomed portions of the images and bar graph showing the average length distribution of different mitochondrial populations. Scale

bar 20 um. E Representative immunoblot showing time dependent increase in polyubiquitinated protein load in Hcy-treated primary neurons.
GAPDH was used as a loading control. F Visualization of the increase in polyubiquitinated protein puncta by immunocytochemistry in Hcy-treated
SK-N-SH cells (upper panel). Confocal images with scale bar 20 um. Bar diagram (lower panel) showing the percent count of puncta containing
cells. G Representative immunoblot showing the rescue of polyubiquitinated protein load by 4-PBA in Hcy treated SK-N-SH cells. -actin was used
as a loading control. Concentration of Hcy was 5 mM for SK-N-SH cells and 0.75 mM for primary neurons. 1 mM of 4-PBA was used. Data are shown

as mean + SEM with n>3.**P<0.01.***P <0.001 ****P<0.0001
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4-PBA against Hcy treatment which could explain the
rescue of Hcy-induced neuronal death by 4-PBA.

ER stress frequently crosstalks with mitochondria
to exert its deleterious effect mainly through ROS
generation, proteotoxicity and ER calcium release
and consequent mitochondrial calcium overload [57].
Next, we studied the preferred pathway of ER mito-
chondria crosstalk in Hey-induced neurotoxicity. First,
we measured ROS generation in neuronal cells by
using two different fluorescent dyes H2DCFDA and
MitoSOX Red upon Hcy treatment and found no sig-
nificant change in ROS level in both primary cortical
neurons and SK-N-SH cells (Figure S2 E & F). More-
over, N-acetyl cysteine (NAC), one of the most com-
monly used ROS scavengers had no protective effect
against Hcy toxicity (Figure S2G). Next, we measured
the level of mitochondrial matrix calcium upon Hcy
treatment using a mitochondrial matrix targeted fluo-
rescence dye Rhod-2-AM. Our result showed no sig-
nificant change in mitochondrial calcium level in Hcy
treated cells compared to the control (Figure S2H).
We further negated the role of calcium-induced mito-
chondrial apoptosis by Hcy using mitochondrial cal-
cium uptake blocker Ruthenium Red (RuRed) and
mitochondrial permeability transition pore (PTP)
blocker Cyclosporine-A (CsA), widely used as block-
ers of calcium induced mitochondrial apoptosis [58].
Our data confirmed that both RuRed and CsA did not
protect neuronal cells against Hcy toxicity (Figure S2
I & S2 7). Finally we measured the level of proteotoxic
stress in neuronal cells upon Hcy treatment. We saw
the increase of Hcy-induced proteotoxic stress as evi-
denced by the increased polyubiqutinated protein
load in a time dependent manner (Fig. 2E). Moreover,
using immunocytochemistry we further visualized
the increased presence of toxic protein aggregates in
HHcy condition compared to the untreated controls
(Fig. 2F). Next, we checked whether protein aggre-
gates generated by Hcy-induced ER stress were indeed
the cause of cellular demise. To prove it, we treated
the neuronal cells with Hcy in presence of the ER
stress blocker 4-PBA. As expected, 4-PBA rescued
the Hcy-induced polyubiquitinated protein load as
evidenced by immunoblot analysis (Fig. 2G) and also
the number of aggregated punctae visualized through
immunocytochemistry (Figure S2K). In summary, the
above results indicate that Hcy-induced ER stress is an
upstream event which causes mitochondrial dysfunc-
tion and apoptosis in neuronal cells and the crosstalk
between ER and mitochondria is mainly dependent on
proteotoxicity generated by increased aggregated pro-
teins upon Hcy treatment.
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Elevated Hcy downregulates basal autophagy in neuronal
cells

Next, we studied the effect of HHcy on autophagic pro-
cess in neuronal cells as induction of autophagy is a well-
established protective mechanism against ER stress [35,
59]. Moreover, maintenance of basal level autophagy is
utmost important for neuronal homeostasis and health
[60]. Firstly, the LC3-GFP expressing neuronal cells
showed less LC3-positive punctate structures upon Hcy
treatment (Fig. 3A and S3A) indicating suppression of
autophagy. We also measured the level of LC3-I to LC3-
II conversion by immunoblotting which showed a steady
decrease of LC3-II form in Hcy treated cells (Fig. 3B and
Figure S3B). To check whether Hcy induced autophagic
dysregulation in our system was mTOR dependent or
not, we measured the levels of total and phosphoryl-
ated mTOR and its downstream substrates P70:S6K and
4E-BP1 by immunoblotting. Our data showed that indeed
Hcy treated cells had higher levels of phosphorylated
mTOR and its targets (Figure S3C) which support a cou-
ple of previous reports that Hcy activates mTOR [40, 61].
To further confirm the suppression of autophagy by Hcy
we did electron microscopy of control and treated cells
and found a negligible presence of double-membraned
autophagosome in the treated groups (Fig. 3C). In addi-
tion, we also measured the level of key autophagy related
proteins like Beclinl, ATG5 and ATG7 and all these three
proteins showed significant decrease in Hcy-treated neu-
ronal cells (Fig. 3D) that further indicated the lowering of
autophagy in HHcy. Finally, we measured the level of P62
in control and Hcy-treated cells. P62 is a LC3 interact-
ing cargo protein for helping selective autophagic degra-
dation and thus the total cellular levels of P62 inversely
correlate with autophagic activity [62]. Unlike the low-
ering of LC3-II forms, P62 levels were highly increased
upon Hcy treatment (Fig. 3D), further suggesting the
suppression of autophagy in Hcy-treated neuronal cells.
Collectively all these results indicate that the neuronal
autophagy is downregulated in HHcy.

Autophagic suppression by Hcy is the cause of ER stress

in Hyperhomocysteinemic neurons

Though we could establish Hcy-induced ER stress as
the cause of toxicity in the neuronal cells, the origin of
this stress is not clear at molecular level. It has also
been shown that defective hepatic autophagy promotes
ER stress in obese mice [63] and constitutive pancrea-
titis and ER stress in pancreas specific ATG7 [64] and
ATG5 [65] mice. As we found a low level of autophagy
in Hey-treated neuronal cells, we wondered whether this
lowering of autophagic process could be the reason for
Hcy-induced ER stress. To test this possibility, we studied
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Fig. 3 Elevated Hcyo downregulates basal autophagy in neuronal cells. A Left panel: representative confocal images showing LC3-GFP puncta

in control and Hcy-treated SK-N-SH cells transiently transfected with LC3-GFP construct. Arrowheads represent GFP-LC3 puncta. Scale bar 20 um.
Right panel: percent quantitation of LC3-GFP puncta containing cells (= 10 puncta per cell). B Representative immunoblot (upper panel)

and densitometric quantitation (lower panel) showing a time dependent decrease in lipidated LC3-Il form (marker of autophagy) in Hcy-treated
cells. B-tubulin was used as a loading control. C Representative TEM images showing the decrease in autophagic vesicles upon Hcy treatment

in SK-N-SH cells. Arrowheads represent double membrane autophagic vesicles. Scale bar 0.5 um. Bar graph showing the quantitation of the TEM
images representing the number of autophagic vesicles per cell. D Representative immunoblots showing a decreased expression of major
autophagic proteins (Beclin1, ATG5, ATG7) and a concomitant increase in cargo protein (P62) in SK-N-SH (left) and primary neurons (right),
confirming autophagic suppression by Hcy. 3-actin was used as a loading control. Densitometric values in the blots represent the ratio of respective
protein signal to 3-actin signal normalized to control. Concentration of Hcy was 5 mM for SK-N-SH cells and 0.75 mM for primary neurons. Data are
shown as mean + SEM with n>3. *P<0.05. **P < 0.01

(See figure on next page.)

Fig. 4 Autophagic suppression by Hcy is the cause of ER stress in Hyperhomocysteinemic neurons. Representative immunoblots of same cell
lysates showing a time dependent suppression of autophagy (A) and an activation of ER stress (B) by Hcy in primary neurons. $-actin was used

as a loading control. Densitometric values in the blots represent the ratio of respective protein signal to 3-actin signal normalized to control.
Representative immunoblots of ER-stress marker proteins showing increased expression by autophagic inhibitor BafA1 (20 nM) treatment (C)

and decreased expression by autophagic activator RAPA (200 nM) treatment (D) in Hcy-treated SK-N-SH cells. B-actin was used as a loading control.
Densitometric values in the blots represent the ratio of respective protein signal to 3-actin signal normalized to untreated control. E Immunoblot
confirming higher expression of ATG7 protein in a stable neuroblastoma cell line overexpressing ATG7. GAPDH was used as a loading control.

F Representative immunoblots showing decreased expression of ER-stress markers after Hcy-treatment in ATG7 overexpressing (constitutively
activated autophagy) B35 cells compared to vector control cells. 3-actin was used as a loading control. Densitometric values in the blots represent
the ratio of respective protein signal to 3-actin signal normalized to control. Concentration of Hcy was 5 mM. Data are shown as mean +SEM
withn=3
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the effect of Hcy on autophagy and ER stress at cellular
level in a time course experiment. Hcy treatment caused
a time dependent decrease of autophagy in both neuronal
cells and primary neurons as evident by the immunoblot
analysis of Beclinl, ATG5 and ATG7 (Fig. 4A and Fig-
ure S4A). It was further confirmed by the concomitant
increase at the level of P62 (Fig. 4A and Figure S4A). We
analyzed the level of ER stress markers in similar sam-
ples by immunoblotting which showed a time dependent
increase of known ER markers BiP, phosphorylated form
of IRE1 (p-IRE1) and CHOP (Fig. 4B and Figure S4B).
This indicates a direct correlation of autophagic down-
regulation and ER stress generation in HHcy cells. If low-
ering of autophagy is indeed the cause of ER stress then
we expect that blocking of autophagy along with Hcy
treatment should not change the ER stress significantly
whereas activation of autophagy should have a protective
role against Hcy-induced ER stress. To confirm it, we first
treated the cells with the autophagic blocker Bafilomycin
A1 (BafA1) along with Hcy. Immunoblot analysis showed
that BafA1l alone was able to activate ER stress markers
almost at the level of Hcy and maintained that level even
in the presence of Hcy (Fig. 4C). Next, we tested the sta-
tus of ER stress generated by Hcy in presence of Rapa-
mycin (Rapa), a pharmacological activator of autophagy.
Treatment with Rapa significantly rescued Hcy-induced
ER stress in neuronal cells as evident from the immu-
noblot results of BiP, p-IRE1 and CHOP (Fig. 4D). As
several pharmacological agents frequently have nonspe-
cific effects on cells, we further confirmed the protective
effect of Rapa in a cellular model of activated autophagy.
For that purpose we generated a stable ATG7 overex-
pressing B35 neuroblastoma cells (Fig. 4E). Immunoblot-
ting results pointed out that indeed ATG7 overexpressing
cells were resistant to Hcy-induced ER stress (Fig. 4F).
Finally, to confirm autophagic suppression in HHcy as
a cause of the downstream ER stress generation in neu-
ronal cells, we treated our cells with a known ER stress

(See figure on next page.)
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inducer Tunicamycin as a positive control. Unlike Hcy,
Tunicamycin activated ER stress with a simultaneous
increase in autophagy as evidenced by the immunob-
lot analysis of ER stress and autophagic marker proteins
(Figure S4C). Taken together, these data demonstrate
that Hcy-induced autophagic downregulation in neu-
ronal cells is the probable cause of the ER stress in HHcy.

Autophagic modulation changes Hcy-induced
proteotoxicity and consequent neuronal cell death

We have already shown above that Hcy-induced neu-
ronal cell death is associated with sustained ER stress and
proteotoxicity. Subsequently, we have also established
that Hcy-induced suppression of autophagy is the main
cause for this sustained ER stress. So, it is rational to
predict that further suppression of upstream autophagy
should have a negative effect on proteotoxicity and con-
sequent cell death upon Hcy treatment whereas activa-
tion of autophagy should protect these deleterious effects
in similar conditions. To investigate it we measured total
polyubiquitinated protein load and cell death upon Hcy
treatment in presence of BafAl. Our results showed that
there was an increase in toxic protein load (Fig. 5A), neu-
ronal cell death (Fig. 5B) and mitochondrial fragmenta-
tion (Fig. 5C) in combination of BafA1 and Hcy compared
to the only Hcy treated groups. We saw similar trends in
terms of cell death using an early stage autophagy blocker
Wortmannin (Wmn) like that of the late stage autophagy
blocker BafAl (Figure S5A). Next, we studied the effect
of autophagic activation on Hcy-induced proteotoxic-
ity and neuronal cell death. We first tested it pharmaco-
logically by using Rapa. Unlike BafAl, Rapa treatment
rescued the total polyubiqutinated protein load (Fig. 5D
and Figure S5B) as well as the deleterious effect of Hcy
(Fig. 5E and Figure S5C) and mitochondrial structure
(Fig. 5F) in neuronal cells. To further confirm the protec-
tive effect of autophagic activation on Hcy toxicity, we
used the genetic model of ATG7 overexpressing neuronal

Fig. 5 Autophagic modulation changes Hcy-induced proteotoxicity and consequent neuronal cell death. A Representative immunoblot showing
autophagic blocker BafA1 (20 nM) has equal or additive effect on polyubiquitinated protein load in Hcy alone or combined treatment in SK-N-SH
cells. B-actin was used as a loading control. B Bars showing increased percent cell death by BafA1 in Hcy-treated neuronal cells. C Representative
confocal images confirming increased mitochondrial fragmentation by BafA1 in mitoDsRed expressing SK-N-SH cells upon Hcy treatment.

Insets showing zoomed portions of the images and bar graph showing the average length distribution of different mitochondrial population.
Scale bar 10 um. Pharmacological activation of autophagy by RAPA (200 nM) showing rescue of polyubiquitinated protein load in immunoblots
(D) and consequent protection against percent cell death (E) in neuronal cells upon Hcy treatment. 3-actin was used as a loading control

in immunoblot analysis. F Representative confocal images showing the rescue of mitochondrial fragmentation by RAPA in Hcy treated primary
neurons. Insets showing zoomed portions of the images and bar graph showing the average length distribution of different mitochondrial
populations. Scale bar 10 um. Genetic activation of autophagy showing rescue of percent cell death (G) and ubiquitinated protein load (H)

upon Hcy treatment in B35 neuroblastoma cells stably overexpressing ATG7. GAPDH was used as a loading control in immunoblot analysis.
Concentration of Hcy was 5 mM for SK-N-SH cells and 0.75 mM for primary neurons. Data are shown as mean + SEM with n>3.**P<0.01.

***%p <0.0001
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cells. Our results suggested that the ATG7 overexpressed
cells indeed had significantly low amounts of toxic pro-
tein load (Fig. 5H) and concomitant cell death (Fig. 5G)
compared to the vector expressing control cells upon Hcy
treatment. To confirm further that these effects of ATG7
were not a gene specific effect rather a generalized effect
of autophagy activation, we performed similar experi-
ments by activating autophagy using another autophagy
related gene ATG5. We saw similar suppression in terms
of total polyubiquitinated protein load and cell death
upon Hcy treatment in ATG5 overexpressing neuronal
cells (Figure S5D, E & F). In summary, these results indi-
cate that autophagic suppression is indeed the cause of
sustained ER stress in HHcy and activation of upstream
autophagy would be enough to nullify the ER stress and
concomitant neuronal toxicity by Hcy.

Hyperhomocysteinemic Drosophila melanogaster shows
downregulation of the autophagy genes and upregulation
of the stress response genes at systemic level
Cystathionine beta synthase (CBS) is the first and rate
limiting enzyme in the transsulfuration pathway that
synthesizes cysteine from Hcy. Mutation or deficiency in
CBS is associated with severe homocysteinemia at sys-
temic level [66]. In a recent work Zatsepina et al. reported
the generation and genome-wide transcriptional profil-
ing of transsulfuration genes in Drosophila melanogaster
[67]. We downloaded and reanalyzed the raw read counts
from the deposited sequence data (GSE148109, NCBI
GEO database) of whole body CBS knockout (CBS-/-)
flies to check the differential expression of the genes
associated with autophagy and stress response pathways.
As the CBS-/- flies were viable and fertile, we hypothe-
sized from our cellular data that any systemic changes in
autophagy could well be reflected in the stress response
pathways for maintaining homeostasis. Indeed we saw an
overall differential gene expression pattern in autophagy
and heat shock related genes in control and CBS-/- flies
comparing three independent subjects for each condi-
tion as represented in the expression heat map (Fig. 6A).
To further assess the changes in the specific components
of these pathways in control and knockout flies we com-
pared the gene expression patterns of the autophagy
related genes (Atg) and heat shock response genes (Hsp/
Hsc). Our analysis showed that almost 70% of the Atg
genes (14 out of 20) were downregulated (Fig. 6B) and
concomitantly almost 60% of the heat shock genes (14
out of 25) were upregulated (Fig. 6C) in CBS-/- flies
compared to the control flies. Overall, the gene expres-
sion analysis data confirm that HHcy indeed downregu-
late autophagy at systemic level and also indicate that the
resulting altered proteostasis due to autophagic altera-
tion may be balanced by a systemic upregulation of the
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stress response pathway for the survival and the fertility
of the knockout flies.

Hyperhomocysteinemic zebrafish develops brain damage
associated with reduced autophagy, constitutive ER stress
and proteotoxicity

To examine the impact of elevated Hcy in a live animal
model, we used a CBS knockdown approach to gener-
ate a hyperhomocysteinemic zebrafish and used it to
study the effects of Hcy on neuronal homeostasis in
the developing brain of zebrafish embryos. CBS gene is
duplicated in zebrafish as compared to a single copy in
mammals and this type of duplication of several dif-
ferent genes in zebrafish are well characterized [68]. To
generate a hyperhomocysteinemic zebrafish, gene spe-
cific antisense morpholinos (MO) targeted to the ATG
regions (CBSa and CBSb MOs from Gene-Tools) were
injected into embryos at 1-2 cell stage for translational
knockdown. A mismatched MO (Gene-Tools) was used
as a negative control. First, we confirmed the efficacy of
MOs in targeting and blocking protein translation by
immunoblotting and indeed 24 h post fertilization (hpf)
morphant embryos showed significant downregulation
of CBS (Fig. 7A). We also confirmed that almost 85% of
control and CBS morphant embryos survived compared
to the non-injected control embryos (Figure S6A). To
confirm whether CBS morphants were indeed hyper-
homocysteinemic, we measured Hcy level by HPLC in
control and CBS morphant embryos. Our data showed
that there was almost a fivefold increase in Hcy level in
CBS morphant embryos (Fig. 7B) that nicely mimics our
result of intra-cellular level of Hcy upon treatment (Fig-
ure S1). Then we compared the morphology of 24 hpf
CBS morphant embryos with that of control morphant
and non-injected control embryos. Though no gross
phenotypic defects were apparent, a careful observation
showed clear abnormalities in head and CNS develop-
ment in HHcy zebrafish embryos at 24 hpf with a not
so well-defined brain structure (Figure S6B). To study
the brain abnormality further in HHcy, we used a trans-
genic zebrafish line Tg (HuC:Kaede), expressing the
fluorescent protein Kaede specifically in neurons under
the control of HuC promoter [45]. In vivo morphologi-
cal analysis showed that like wild type HHcy morphants,
transgenic CBS morphant embryos also had similar type
of abnormal head development associated with disor-
ganization of CNS structure (Fig. 7C). Higher magni-
fication analyses on CBS morphant Tg (HuC:Kaede) at
24 hpf confirmed the loss of neurons as evident by less
Kaede signal as well as the morphological abnormal-
ity of anterior CNS structure compared to the control
morphant transgenic embryos (Fig. 7C). Almost 80%
of the CBS morphant embryos showed this abnormal
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Fig. 6 Hyperhomocysteinemic Drosophila melanogaster shows downregulation of the autophagy genes and upregulation of the stress response
genes at systemic level. A Heat map illustrating RNA-Seq differential expression data for autophagy and stress response pathway genes in control
versus CBS knockout (whole body) flies. Pairwise comparisons with wild type are shown. Red positive log fold change (log2FC). Blue negative
log2FC. Heat map showing pathway specific expression of autophagy (B) and stress response (C) genes in the same knockout flies. Pairwise
comparisons with wild type control strains are shown. Respective color legends representing log fold changes (log2FC). Three sets of data from 3

different wild type control and knockout flies (CBS-/-) were used for analysis.

brain phenotype (Fig. 7D). As in our cellular models we
already established the link between HHcy and neuronal
apoptosis, we next studied whether apoptosis was associ-
ated with the brain defects observed in HHcy zebrafish
embryos. For this purpose whole-mount TUNEL-stain-
ing was used to detect apoptotic cells in control and CBS
morphant embryos analyzed at 24 hpf. Minimal evidence
of apoptosis was found in control morphant, whereas a
highly increased number of TUNEL-positive cells were
detectable in the head region of CBS morphant embryos,
suggesting that the developmental defects of CNS was
indeed associated with an increase of neuronal apopto-
sis (Fig. 7E). Next we investigated the status of autophagy,
ER stress and toxic protein load in control and CBS

morphant zebrafish embryos as our cellular model data
showed that HHcy caused neuronal apoptosis through
autophagic downregulation and concomitant high ER
stress and proteotoxicity. In order to elucidate the status
of autophagy in HHcy zebrafish, LC3-II level was com-
pared in CBS morphant and control morphant embryos
at 1 days post fertilization (dpf) using immunoblotting.
Indeed CBS morphant embryos showed less LC3-II levels
compared to the control embryos which indicated lower-
ing of autophagy in HHcy zebrafish (Fig. 7F). Suppression
of basal autophagy in HHcy at in vivo level was further
confirmed by lowering of Beclinl and concomitant
increase of P62 level in CBS MO injected embryos com-
pared to the respective controls (Fig. 7F). According to
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our cellular data, we expected that the lowering of basal
autophagy in HHcy zebrafish should be associated with
increased ER stress and toxic protein load. As expected,
CBS morphant embryos showed constitutively higher ER
stress than the control morphant embryos as evidenced
by the high levels of ER stress markers BiP and CHOP
in immunoblot analysis (Fig. 7G). Then we checked the
level of total polyubiquitinated protein load as proteo-
toxic marker in control and HHcy zebrafish embryos.
Immunoblot analysis confirmed a significant increase in
total polyubiquitinated protein level in CBS morphant
embryos compared to the control embryos (Fig. 7H).
Finally, to affirm that the signaling axis described by us
is indeed the reason for the neuronal apoptosis in CBS
morphant embryos, we did an in vivo rescue experi-
ment by activating upstream autophagy using Beclinl.
Whole-mount TUNEL-staining showed that the num-
ber of TUNEL-positive cells were much less in the head
region of the CBS morphant embryos co-injected with
human Beclinl mRNA compared to the only CBS mor-
phant embryos (Fig. 7I). So, collectively our cellular and
in vivo zebrafish data suggest the model where HHcy
causes brain damage through mitochondrial apoptosis in
neuronal cells (Fig. 7]). Upstream autophagic suppression
by high Hcy causes the increased proteotoxic load and
resultant constitutive ER stress that culminates to mito-
chondrial dysfunction and neuronal apoptosis.

Discussion

Homocysteinuria, the accumulation of very high level of
plasma Hcy, is classically designated as an inborn error
of metabolism due to CBS deficiency and has a clini-
cal prevalence of around 1/200000 births worldwide.
Though it is generally considered as a rare genetic dis-
order, its prevalence is much higher (1/1800 births) in

(See figure on next page.)
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some populations and strongly linked to complications
like intellectual disability, behavioral disorders and early
onset stroke [69, 70]. Beyond that HHcy due to nutri-
tional deficiency and aging has also been linked strongly
with several neurological and neurodegenerative disor-
ders [71]. Clinical trials on lowering of plasma Hcy level
did not show a clearly measurable positive clinical impact
on the development of neural pathologies [1] which indi-
cates the possibility of higher Hcy dependent subtle dam-
ages of the brain at organ level. Therefore, it is necessary
to elucidate the molecular pathways involved in Hcy-
induced neurotoxicity for future tackling of cognitive and
neurological manifestations during HHcy.

Here, we comprehensively describe the stepwise sign-
aling cascades and its cause and effect correlation in
Hcy-induced neurotoxicity. Our data suggest that neu-
ronal cells are more vulnerable to Hcy-induced intrinsic
apoptosis associated with mitochondrial damage, Cyto
c release and caspase-3 activation and thus caspase-3
inhibitors rescue this toxic insult (Fig. 1 & S1). We have
also identified that ER stress is the upstream event that
triggers the Hcy-induced mitochondrial apoptosis, as
blocking it by two different chemical chaperones rescue
both the mitochondrial integrity and apoptosis (Fig. 2
& S2). Though several previous reports indicate the role
of ER stress in Hcy-induced neurotoxicity but how it
causes mitochondrial apoptosis is not clear. Conflicting
reports exist on the role of oxidative damage and Ca®*
overload [23, 28, 29, 72] whereas the role of terminal
UPR is not well defined in this process. In this work we
showed no significant change in ROS and Ca*" levels
whereas an increase in ubiquitinated protein load in
Hcy treated cells (Fig. 2 & S2). ROS scavengers, block-
ers of PTP and mitochondrial Ca?>* uniporter had no
rescuing effect rather increased the apoptosis whereas

Fig. 7 Hyperhomocysteinemic zebrafish develops brain damage associated with reduced autophagy, constitutive ER stress and ubiquitinated
protein load. A Immunoblot of zebrafish embryos injected with Cntl MO or CBS MO at 24 hpf. confirminging downregulation of CBS. 3-actin

was used as a loading control. B Concentration of Hcy (mM) at 24 hpf in Cntl MO and CBS MO zebrafish embryos as measured by HPLC. CBS
morphants showing HHcy. C Representative confocal images (10X) showing brain defects in a brain specific Kaede (green) expressing transgenic
fish Tg(HuC:Kaede) embryos injected with Control MO or CBS MO. Arrows showing neuronal damage in CBS morphants. Scale bar 200 um. D

Bar diagram represents percentage of embryos with brain defect in the CBS MO compared to Cntl MO. More than 200 embryos were counted
phenotypically. E Representative images (10X) of TUNEL staining in the brain of Cntl MO and CBS MO embryos. Left panel showing fluorescent
images only and right panel showing bright field and fluorescent image overlap. Arrowheads indicate excess number of apoptotic cells in the head
region of CBS morphants. Scale bar 25 pm. The area highlighted by the dotted lines indicating the brain region of the embryos. Representative
western blots showing markers for intrinsic suppression of autophagy (F) and increase in ER stress markers (G) as well as polyubiquitinated protein
load (H) in CBS morphants compared to controls. 3-actin was used as a loading control. Densitometric values in the blots represent the ratio

of respective protein signal to B-actin signal normalized to control. I Representative confocal images showing rescue of apoptotic cell death

in the brain region of CBS morphant upon autophagic activation by overexpressing Beclin1. Left panel showing fluorescent images only and right

panel showing bright field and fluorescent image overlap. Scale bar 20 um. Arrowheads indicate attenuation of excess apoptosis in Beclin1 mRNA

and CBS MO co-injected embryos as compared to only CBS MO injected ones. The area highlighted by the dotted lines indicating the brain region

of the embryos. J Schematic showing pathways of Hcy induced neurotoxicity (1). Rescue of neurotoxicity either by autophagic activation upstream
(2) or by blocking ER stress downstream (3). Data are shown as mean £ SEM with n>3. **P<0.01. ****P <0.0001
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controlling ubiquitinated protein load showed protec-
tion against it (Fig. 2 & S2). Thus, we established that
the terminal UPR activation by toxic protein load in
HHcy culminates in mitochondrial damage and apop-
tosis as previously reported in cases of unresolved ER
stress [73].

In normal conditions the cellular response of misfolded
protein stress is the activation of intrinsic quality con-
trol pathways to maintain homeostasis and survival [74].
However, being post-mitotic in nature, neurons are par-
ticularly dependent on autophagy and it is constitutively
active in neurons as a part of their robust quality control
mechanisms to support their long-term functionality
and survival [75, 76]. In this line our data also showed
an increase in autophagy markers upon tunicamycin-
induced ER stress in neuronal cells (Figure S4). However,
we saw autophagic suppression in neurons upon HHcy
and this effect was associated with aberrant activation
of the mTOR pathway (Fig. 3 & S3). This observation is
supporting a previous report where hyperhomocysteine-
mic mice brain showed toxic build-up of f-amyloid and
phospho-Tau due to autophagic downregulation that
leads to AD-like neurodegeneration [40], though several
other reports indicated autophagic activation and neural
damage in HHcy [41, 77]. This apparent dichotomy may
be explained as these later works either used ischemic
models of brain injury or specific knockout mouse mod-
els and in line with the previous observation of Atg-dele-
tion dependent prevention of severe neural damage after
ischemic brain injury in mice [78].

Our observation on Hcy-induced sustained ER stress
and suppression of autophagy in neuronal cells indicated
the possibility of a cause and consequence relationship
between these two processes. Our time-course analysis
data showed a steady decrease in autophagic markers
along with a concomitant steady increase in ER stress
markers by Hey (Fig. 4 & S4). Expectedly, pharmacologi-
cal blocking of autophagy further increased the ER stress
markers whereas pharmacological and genetic activation
of autophagy mitigated the ER stress in neurons upon
HHcy (Fig. 4). Consequently pharmacological blockers
of autophagy further increased whereas pharmacologi-
cal and genetic activator of autophagy rescued the overall
ubiquitinated protein load, mitochondrial integrity and
apoptosis by Hey (Fig. 5 & S5). So, upstream autophagic
suppression by Hcy triggered ER stress through the inef-
ficient clearance of unfolded proteins, creating a mala-
daptive feed-forward mechanism that amplified ER stress
further and mitochondrial apoptosis. This observation is
also in support of previous reports on pancreatitis [64,
65] and on obesity-induced insulin resistance [63] where
similar signaling cascade at cellular level causes respec-
tive pathologies.
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At organismal level, CBS knockout mouse mod-
els of severe HHcy have been generated previously and
homozygous animals showed neonatal lethality where
almost 90% cbs-/- animals died by 2—4 weeks after their
birth [79, 80]. Though liver failure and vascular complica-
tions were attributed to this neonatal death, the precise
mechanisms associated with these organ damages are
not known [66]. Very recently by using CRISPR/Cas9
approach, a homozygous CBS KO flies has been gener-
ated which are viable and fertile [67]. Our pathway-based
comparison of the transcriptomic data from these WT
and cbs-/- flies clearly showed that a systemic suppres-
sion of autophagic genes were counterbalanced by upreg-
ulation of stress response pathway genes (Fig. 6) which
may well be the reason of their possible viability unlike
cbs-/- KO mice. It also indicates that our cellular data
on autophagic suppression as the cause of ER stress and
apoptosis may be a generalized phenomenon of associ-
ated pathologies in HHcy.

In recent years several literature on humans and
rodents describe the neural damage and compromised
cognitive outcome in the offspring due to mater-
nal HHcy [13, 14, 81, 82] though the molecular path-
ways in this regard are not well established. Our data
on the HHcy zebrafish model also support these basic
results as both neuronal apoptosis and developmental
defects in the brain were observed (Fig. 7). Our data in
HHcy fish also indicate the suppression of autophagy,
increased toxic protein load and ER stress constitutively
at systemic level that further endorsed our cellular data
on Hcy-induced toxicity (Fig. 7). Most importantly, we
were able to rescue the neuronal apoptosis in our HHcy
zebrafish model by activating upstream autophagy and
that further confirmed the role of the signaling axis
proposed by us in Hcy-induced neurotoxicity (Fig. 7).
Of note, we purposefully used a knockdown approach
over a KO model in fish to establish the role of these
pathways in brain damage for overcoming the intrin-
sic compensation of these interlinked pathways of
homeostasis, which we saw in the KO flies. It also sup-
ports that our proposed mechanism of Hcy-induced
neurotoxicity is playing a central role in early brain
aberrations reported during development in an Hcy-
rich environment. It is worth mentioning here that in
line with our observation, a new drug combination of
4-PBA and TUDCA showed good therapeutic efficacy
against ALS and it is waiting for the final FDA approval
for treatment [83]. However, future work on the precise
mechanism by which Hcy activates mTOR and conse-
quently downregulates autophagy will be an interest-
ing area to explore. A few recent studies reported the
transgenerational effect of Hcy in brain pathologies
[84, 85] and that opens up the possibilities of some
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epigenetic modifications in the brain during HHcy. In
the backdrop of this present work, it will be interest-
ing to study further to check whether epigenetic sup-
pression of the autophagic pathway could be an early
step and might be a reason for the neuronal damage
reported widely in HHcy.

In conclusion, the present work informs on the role of
crosstalk between autophagy, ER stress, mitochondrial
dysfunction and apoptosis as a cause and consequence
manner in Hcy-induced neurotoxicity. It also deline-
ates the sequential perturbation of the fine-balance in
autophagy-ER stress-mitochondrial apoptosis triad
as a central mechanism to the brain pathologies asso-
ciated with HHcy. Rescue of neuronal damage either
by autophagic activation upstream or by blocking ER
stress downstream in this report will help further to
device new strategies for the treatment of neural and
cognitive pathologies reported in HHcy, as the present
therapy of vitamin and folate supplementation is not
entirely successful to alleviate these problems.
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