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Abstract:

The endoplasmic reticulum (ER) is crucial for protein folding, post-translational modifications, calcium storage,
and lipid production. Disruptions in these functions cause an accumulation of unfolded or misfolded proteins,
leading to ER stress and triggering the unfolded protein response (UPR). The UPR aims to restore balance by
modulating translational attenuation, increasing the transcription of chaperones, and activating degradation
pathways. However, if the stress is intense or prolonged, these adaptive responses shift towards apoptosis. Of the
three UPR pathways, the PERK—elF2a—ATF4—CHOP and IRE1-XBP1 pathways are key in connecting ER stress
to autophagy, while ATF6 helps maintain proteostasis by controlling the transcription of ER quality components.
Autophagy functions as a critical compensatory mechanism during ER stress, facilitating the clearance of
aggregated proteins and damaged organelles to re-establish the cellular balance. Crosstalk between the UPR and
autophagic machinery occurs through multiple signalling nodes, including the AMPK-mTOR axis, ubiquitin—
proteasome system, and calcium-mediated signalling pathways. The disruption of these interactions contributes
to several pathological states, including cancer, neurodegenerative disorders, and metabolic diseases. This review
integrates current insights into the molecular interplay between ER stress and autophagy, emphasizing their
coordination through ER-associated degradation (ERAD), lipophagy, and metabolic signalling. Understanding
these interconnected pathways offers potential therapeutic opportunities to modulate proteostasis and improve
cellular resilience under stressful conditions.
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1.INTRODUCTION:

Endoplasmic Reticulum is an essential cellular organelle where proper folding of proteins and post-translational
modification of proteins takes place. The appropriate folding of protein in the Endoplasmic reticulum is assisted
by many components of ER chaperons, after which they are transported to Golgi apparatus and then further to the
vesicles [1]. But in case there are unfolded or partially folded proteins in the ER, they are detected and transported
by the help of components called as “Endoplasmic Reticulum Associated Degradation” also known as ERAD,
which take the unfolded proteins and transport them to cytosol where the proteins are degraded by proteasomes.
But if the amount of unfolded proteins becomes unmanageable by ER, a reaction called as “ER stress” takes place.
The ER stress starts a Unfolded Protein Response (UPR), which is a set of complex signal transduction pathways
used to retain back the homeostasis of the organelle [2] .The Unfolded protein response in ER can be differentiated
into three distinct types. They are IREa, PERK, and ATF6 pathways. For the activation of these pathways an ER
chaperon called BiP/GRP78 which is attached to these complexes during homeostatic conditions, dissociates in
response to ER stress and activates them. UPR basically activates these signal transduction pathways to decrease
the protein load in ER and increasing the protein folding and degradation process so as to restore the balance in
ER. But if UPR fails to restore homeostasis then it leads to apoptosis which causes cell death. If the amount of
unfolded proteins increases they tend to aggregate together because they expose the hydrophobic amino acid
residues that should be inside the proteins. If the aggregation amount is high it may lead to toxicity which can
cause apoptotic cell death. Too much of this aggregation may also lead to many conformational diseases like
Alzheimer’s, Parkinson’s, various Ophthalmology disorders, Inflammations, Cancer, etc [1].
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Figl- The overview of the ER stress mechanism in relation to autophagy

The ER stress can trigger two proteosomal pathways: one is ERAD mediated ubiquitin-proteasome pathway, and
another is Autophagy where lysosome mediated protein degradation happens [3]. It was observed that during ER
stress, the ER expanded in size considerably by UPR signalling pathways. It was also observed that during the
proliferation of ER autophagosme like structures are formed, which are densely and selectively packed with
membrane stacks derived from the expanded ER. The UPR signalling pathways also activates a lot of autophagic
genes that leads to autophagy specific ER stress. This process is essential for cell survival and homeostasis. Many
metabolic diseases are caused by impairment of the autophagy process, but it is also seen that by supressing
autophagy may also help in Cancer treatment. It has been observed that both up regulation and down regulation
of Autophagy may be beneficial for the medical community [4].

Despite extensive research on ER stress and autophagy as individual processes, the precise mechanisms that
interconnect these two adaptive systems remain incompletely understood. Although the three canonical UPR
sensors—PERK, IRE1, and ATF6—are known to influence autophagy, their specific roles and downstream targets
vary across cell types, stress intensities, and disease contexts. This variability has made it difficult to establish a
unified model explaining how ER stress determines the shift between adaptive and pro-death autophagy [5].
Another unresolved issue involves the contribution of metabolic and calcium signalling to this crosstalk. Pathways
governed by AMPK and mTOR act as critical regulators of both UPR activation and autophagic flux; yet the
extent to which energy-sensing and calcium-mediated feedback loops integrate with ER stress signalling is still
unclear. Similarly, selective forms of autophagy, such as ER-phagy, mitophagy, and lipophagy, have recently
emerged as key modulators of proteostasis, but their direct regulation by UPR sensors has not been fully delineated
[6].

Furthermore, the role of the UPR—autophagy axis in disease remains context dependent. While autophagy
activation downstream of UPR signalling promotes survival in tumor cells and contributes to therapy resistance,
it is largely cytoprotective in neurodegenerative and metabolic disorders by facilitating the clearance of protein
aggregates [6]. Understanding this duality requires more integrative analyses across model systems and stress
conditions [7].

Finally, despite promising pharmacological agents targeting the UPR or autophagy individually—such as PERK
inhibitors, ISRIB, and mTOR modulators—their combined or sequential therapeutic impact remains insufficiently
explored in vivo. The lack of precise knowledge regarding dose dependency, specificity, and long-term cellular
outcomes presents a major translational barrier [5,7].

Therefore, this review aims to synthesize current mechanistic and therapeutic insights to provide a cohesive
understanding of how ER stress—induced UPR signaling coordinates with autophagy in determining cell fate. It
further highlights the emerging regulatory nodes that may serve as potential therapeutic targets in cancer,
neurodegeneration, and metabolic diseases.
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2.UPR SIGNALLING PATHWAYS:

The Unfolded Protein Response during ER stress triggers signalling pathways important for mediating the ER
stress and bringing back the cell to homeostasis [2]. There are three major signalling pathways. First is the IRE1
pathway, which has two genes named IREla and IRE1f, during ER stress the chaperon BiP is inhibited by the
IRE1 and this activates it, causing dimerization and phosphorylation of IREla which in turn activates it [5,8].
This triggers XBP-1(X-box binding protein-1) to unconventionally splice the mRNA at 26 nucleotide intron and
convert it to mature mRNA which encodes bZIP family transcription factor sXBP1[9,10]. XBP-1 ORFs codes for
the DNA binding domain and the activation domain in the nascent mRNA state. Proteins translated from this
mRNA cannot activate transcription, but the mature mRNA (pXBP1(S) will be able to transcribe components of
ERAD such as EDEM, Derlin-2, Derlin-3 etc[11]. In response to increase in stress levels of ER the dimerized and
phosphorylated IREa works together with modulators and adaptors present in the cystolic end to trigger signalling
events. Additionally IRE1la also activates Apoptotic signalling kinase-1(ASK-1) which leads to the activation of
Jun-N-terminal kinase (JNK), p38, and MAPK, which triggers apoptosis. It also activates the CHOP transcription
factor which makes changes in the gene expression and makes it more viable toward apoptosis. It is also seen that
IRE1la is shown to activate ERKs (Extra cellular signal regulated kinase) and NF«xB pathways (Nuclear factor
kB). It has also been observed that in epithelial cells of gastrointestinal tract IRE is specifically expressed where
they cleave the rRNA so as to slow its translation in response to ER stress [12].

In the ATF6 pathway, the BiP is released from its domain in response to ER stress. ATF6 is transcriptional factor
which translocates to Golgi apparatus upon activation. There it is cleaved by two kinds of proteasomes S1P (Site
1 Protease), and S2P (Site 2 Protease). The S1P cleaves ATF6 in its luminal domain, whereas S2P cleaves it at N-
terminal cytosolic domain. This causes the release of ATF6 transcriptional factor from cytosol and translocates to
nucleus where they homodimerize or hetrodimerize other regulators of gene expression related to UPR. Various
target genes such as BiP, Grp9 and CHOP gets activated in response to ATF6 binding to CRE (ATF/cAMP
response element) and ERSE-1(ER response stress elements-1) [13]. The ATF6 like IRE1 has two sets of genes
ATF60 and ATF6p they are shown to have similar functions and expressions. Some new bZIP type transcriptional
factors were also observed that have shared the same structural and proteolytic pattern as ATF6. These include
OASIS, CERB-H, Luman, Tis 40 which also takes part in UPR transduction. CERB-H is a liver specific
transcription factor that regulates ER stress response genes with ERSE in there promoter [14]. In response to ER
stress CERB-H is cleaved thus activating the APR (Acute phase response genes) which forms a correlates to
inflammatory factors in ER stress. OASIS in astrocytes triggers the transcription of BiP in response to ER stress.
Tis 40 also activates the transcription of EDEM during ER stress. These all factors helps in the regulation of UPR
[2,3].

The PERK pathway like the previous IRE1 and ATF6 pathways activates when BiP is released from its domain
in response to ER stress. PERK is a type I transmembrane protein located in the ER[15] .Its majorly known for
translational attenuation of mRNA during stress. The activated PERK phosphorylates eukaryotic translation
initiation factor 2(eif2a) which leads to attenuation of mRNA translation. By the phosphorylation of eif2a there
is also inhibition of initiation phase of polypeptide chain synthesis, as it stops the recycling of eif2a to its active
GDP bound form which is essential for synthesis. Thus it reduces the amount of protein produced by the ER and
arrests cell cycle. By phosphorylation of eif2a, it up regulates ATF4 (Activating transcription factor 4), it is a part
of cAMP response element binding (CREB) family. ATF4 triggers factors like GADD34, CHOP, and ATF3 [16].
Phosphorylation of PERK may also lead to dissociation of NRF2-Keap1 complex, which increases expression of
genes containing ARE (Antioxidant response factor), this makes integration of antioxidant genes such as heme
oxygenase-1 (HO-1),which prevents oxidative stress in the ER[16,17]. It has also been observed that in polyQ72
(poly glutamine 72 repeats) ER stress-mediated cell death, the phosphorylation of eif2a leads to conversion of
LC3 (Light chain3), leading to autophagy [18,19].

While the molecular mechanisms of the three UPR branches—PERK, IRE1, and ATF6—are fairly well
understood, several important questions remain unanswered. Recent research indicates that these signaling
pathways do not operate in isolation but instead show significant interaction and feedback regulation. However,
the exact molecular hierarchy that controls their activation and coordination during prolonged ER stress is still
not well defined. Additionally, most current data come from static endpoint analyses, leaving the temporal
dynamics of UPR signaling largely unexplored [20,21]. The absence of quantitative, time-resolved studies makes
it challenging to ascertain how the intensity and duration of stress selectively trigger adaptive and apoptotic
responses. Moreover, although the downstream connections between UPR signaling and autophagy have been
identified, the specific contribution of each UPR branch to autophagy induction in various physiological and
pathological settings remains unclear. Addressing these gaps is crucial for understanding how UPR signalling
integrates with other stress-adaptive pathways to maintain cellular homeostasis.
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Fig 2- The overview of the UPR system. The ER stress causes the UPR system consisting of PERK, ATF6, IRE1
to activate to regain back cellular homeostasis. Failure to attain which leads either apoptosis or cytoprotective
autophagy. The PERK phosphorylates elF2awhich in turn triggers CHOP, ATF3, GADD34. The ATF6 upon
activation gets cleaved and triggers CHOP, Bip, Grp9. The IRE1 upon activation phosphorylates to IRE1a which
in turn triggers XBP-1 which in turn transcripts CHOP. IREla also triggers NF«kB, p38, JNK pathways, which
can lead to apoptosis.

3.MECHANISM OF AUTOPHAGY:

Autophagy is the name given to all the pathways in the cell, where cytosolic materials are transported to the
lysosome for degradation. In mammalian cells, three different types of autophagy have been observed:
macroautophagy, microautophagy and chaperone mediated autophagy. In macroautophagy substrates are
sequestered in a double membrane structure called phagophore. The phagophore containing all the cytosolic
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substrate is called as “autophagosome” [22]. This autophagosome is a double membrane cytosolic vesicle. This
autophagosome then fuses with the lysosome thus becoming autolysosome where the substrate is degraded
permanently. In microautophagy the lysosome itself engulfs the substrates of cell and degrades it. In the third type
of autophagy substrates are translocated to the lysosome with the help of chaperones like HSC70 (Heat shock
cognate 70), and cochaperones which specifically targets proteins that contain KFERQ like pentapeptide [22,23].
The lysosomal associated membrane protein type -2A (LAMP-2A) plays an important role in this process. An
isoform of LAMP-2A called LAMP 2 acts as a receptor on lysosome [23,24] . It has been observed that LAMP-
2A levels increases in lysosome by decrease in degradation levels. The substrates are delivered to lysosome
through multimeric translocational complex. Macroautophagy is the most well-known of all these processes and
hence when autophagy is referred most think of macroautophagy. The autophagosomes can be induced in response
to starvation and various other kinds of stresses. It has been observed that autophagosome formation takes place
in the proximity of Endoplasmic reticulum. Autophagy is a complex process. Once it is activated it follows cargo
selection, packaging, expansion of phagophore membrane, formation and maturation of autophagosome, fusion
of autophagosome with lysosome, and finally degradation. Multiple molecular factors help in this process. First
is the formation of Phagophore membrane where many Atg proteins are seen to work together. It has been
observed that Atg 8 protein is first among the Atg protein characterized to mark phagophore and autophagosomes.
It is seen that Atg 8 is transiently present in Phagophore assembly site (PAS) [23,25]. Various Atg proteins
assemble in this PAS site and help in the formation of phagophore in a systematic manner. It is marked by Atg 11
assembly at the site when autophagy is triggered. Once autophagy is initiated then the site transitions to autophagy
specific PAS structure and Atg 11 is replaced by Atgl7-Atg31-Atg 29 complex along with Atgl and Atgl3 [26].
This makes Atg9 move in between PAS and peripheral site playing important role in in autophagy formation. It
localizes PAS at the same time as Atg 1kinase complex. Then the Class III phosphatidylinositol 3kinase complex
(PtdIns3k) along with Atgl2-Atg5-Atgl6 complex is brought to the PAS site and there they act as E3 ligase for
the formation of Atg8-PE which is one of the last proteins brought in PAS for phagophore formation. The initiation
phase of autophagy is controlled by ULK1/2 complex, which contains ULK1, Atg 13, Atg101- a novel autophagic
factor, and RB1CC1/FIP200 (a functional ortholog of yeast Atgl7). It is seen that this ULK1/2 complex remains
inhibited by mTOR (mechanistic target of rapamycin (ser/thr kinase) components in a stress less time and inhibits
autophagy itself [27,28]. However, in response to acute stress mMTOR components attenuate and ULK1/2 complex
can activate leading to the formation of phagophore. PtdIns3k also greatly helps in phagophore formation. The
PtdIns3k complex is composed of BECN1/BECLIN1, PIK3C3/VPS34, PIK3R4/p150, Atgl4, and UVRAG. It
has been observed that BECNT is inhibited by anti-apoptotic BECLIN2 which binds to it and inhibits the formation
of PtdIns3K complex and thus stops phagophore formation. The Beclin-2 is phosphorylised by JNK-1 to activate
the Beclin-1 and free it. For the closure and expansion of phagophore several ubiquitin like protein (UBL) are
needed [23,26]. They take part in 2 conjugation reaction. The Atgl2-AtgS5-Atgl6L complex is a product of the
first conjugation process [29]. It stimulates, recruits and converts of proteolytically processed cytosolic
MAPI1LC/LC3 (microtubule-associated associated prot-1 light chain 3), LC3-I to the lapidated form LC3-II. Then
the pre-LC3 is cleaved by conjugation with membrane-bound phosphotidyltheothanolamine. This causes the Atg7
and Atg3 enzyme to incorporate it into phagophore. Atg4 enzyme can also de-conjugate the LC3-II recycling it
to the outer surface of autophagosome, whereas the inner autophagosomal membrane bound L3C-II monitors the
autophagosomes and their ability of autolysosome for reaching degradation. Hence LC3-II also acts as marker for
autophagy detection [30,31]. The autophagosome then accesses to the lysosome in the perinuclear region of the
cells. For transferring the autophagosome to lysosome majorly cytoskeletal microtubules and motor protein dynein
plays a great role. Similarly small GTPase like RAB7A/RAB7 with FYCOI along with LAMP1/2 helps in
autophagosomal transport to lysosome and accelerate the fusion of both [28,32]. The fusion machinery also gets
help from ATG9 for transportation of vesicle fusion protein, SNAREs and helps in phagophore and
autophagosome formation. Then C vacuolar protein sorting HOPS complex activates RAB7A and regulates
autophagosomes fusion with lysosomes. Finally the autophagosomal substrate is degraded in lysosome with the
help of hydrolytic acids like CTSB, CTSD, and CTSL [31,33].

While the fundamental molecular components of autophagy have been thoroughly studied, several mechanistic
details remain unclear. The exact sequence of events that control the initiation and formation of the phagophore,
especially the spatial regulation of the ULK1-ATG13-FIP200 complex and its interaction with membrane sources
like the ER, mitochondria, and Golgi, is not yet completely understood [22,34]. The molecular factors that dictate
the shift from non-selective to selective autophagy, along with the impact of post-translational modifications—
such as phosphorylation, ubiquitination, and acetylation—on essential ATG proteins, need further investigation.
Additionally, the way in which the autophagic machinery dynamically interacts with other stress-responsive
pathways, including the UPR, mTOR, and AMPK signaling networks, is still not fully comprehended.
Understanding these unresolved mechanisms is crucial for grasping how autophagy maintains proteostasis and
influences cell fate under different physiological and pathological conditions [19].
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Table 1: Autophagy Stages and Key Regulators

Autophagy Key Components Function

Stage

Initiation ULK1/2 complex (ULK1, Atgl3, Senses stress, initiates phagophore formation
Atgl101, FIP200), mTOR

Nucleation PtdIns3K complex (BECN1, VPS34, Generates membrane for phagophore
pl150, Atgl4, UVRAG)

Expansion Atgl12-Atg5—-Atgl6L complex, LC3-1 Expands phagophore, marks autophagosome
to LC3-II conversion

Cargo HSC70, LAMP-2A, KFERQ motif Targets specific proteins for degradation

Selection (chaperone-mediated autophagy)

Fusion RAB7A, FYCO1, LAMP1/2, SNAREs, | Autophagosome fuses with lysosome
HOPS complex

Degradation CTSB, CTSD, CTSL Lysosomal enzymes degrade cargo

4. UPR SIGNALLING PATHWAYS RELATION WITH AUTOPHAGY:

The three UPR signalling pathways have been found to induce autophagy in response to ER stress. It was observed
that tumour cells activate autophagy to combat against the toxicity caused by ER stress. The UPR signalling
pathway IRE1 is known to phosphorylate MAPKS8 which is a stress regulated protein kinase. So, it plays an
important role in stress induced autophagy. It was seen that MAPKS8 phosphorylation can activate autophagy
mechanism[35]. This MAPKS also activates BECIN1 autophagic gene by phosphorylating it from BCL2 which
keeps on bound to it and is anti-autophagic [36]. Endoribonuclease IRE1 activities have also reported to cause
autophagy. MAPKS activity has been reported to regulate both apoptosis and autophagy. In autophagy induced
by MAPKS it is found that BH3 domain containing proteins like Beclinl and BAX are its important key regulators
[36] . Under these situations when Beclinl dissociates with BCL2, though BCL2’s interactions with BAX remains
unchanged. C-Jun-NH2 kinase (JNK) is activated by binding of IREla with TRAF2 (TNF receptor associated
factor-2), a process that requires ASK-1 a signal regulating kinase. As ASK-1 is strongly associated with ER stress
and autophagy, it is implied that activation of IRE1a is accompanied by ASK-1 activation. The JNK also plays a
role in phosphorylating BCL2 from BECIN1 and helps in there dissociation and usher in the formation of
autophagosomes. By this we can imply JNK plays a dominant role in autophagy[37].

It is seen that antiestrogens can cause both apoptosis and autophagy. It was observed that resistant cells that are
desensitized to antiestrogen through BCL2 inhibition die of autophagy induced cell death rather than apoptosis.
A major component of apoptotic cell death DRF5 (Death receptor-5) is regulated through CHOP.CHOP also
regulates the expression of BCL-2 [38]. CHOP is activated by UPR signalling pathways PERK and ATF6.
CHOP’s interaction with ATF4 also transcriptionally upregulates p62, NBR1, and Atg7 genes respectively. Plus,
CHOP transcription activation alone activates Atgl0, Atg5, GABARA, etc. These are all important for
autophagosome induction. Under ER stress conditions a branch of UPR called EIF2AK3 (Eukaryotic translation
initiation factor 2- alpha kinase 3) helps in regulation of LC3-II and other Atg genes which is important for
autophagosome[39].

There is an observation showing that polyQ expression activates the EIF2AK3 factor and phosphorylates its
downstream factor eIF2a. The phosphorylation of EIF2S1 a downstream regulator of EIF2AK3, was shown to
influence Atgl2 mRNA greatly. This causes the upregulation of the Atg12 gene, which induces autophagy. Under
hypoxia it was noted that EIF2AK3-dependent ATF4 and CHOP induction causes upregulation of ATG5 and LC3
genes [40]. EIF2AK3-mediated activation of ATF4 is also shown to upregulate various other genes like
MAPILC3B, BECINI, Atgl2, Atg3, Atgl6L1. Furthermore, in breast cancer cells it was found that by inhibiting
proteasome, ATF4 dependent LC3 can be stimulated. This links between ER stress and autophagy in PERK
independent manner. Also EIF2AK3’s downstream regulators lead to autophagy. It was also noted that PERK-
EIFS2 (Eukaryotic translation initiation factor subunit 2) ATF4 pathway mediated autophagy has both cytotoxic
and cytoprotective mechanism [41]. However, cytoprotective activity is more prominent under ER stress. The
XBP1 downstream transcription factor of IRE1, when spliced can bind with BCIN1 and promote autophagy by
upregulating BECIN1 transcription factor. Although it is also observed that XBP1 can also cause BCL-2
overexpression, in an attempt to protect the cell from destruction. Therefore XBP1’s splicing and regulation of
BCL2 expression is noted to be very important in the downstream activity that integrate UPR to autophagy. In
Huntington disease mouse model it was observed that XBP1 deficiency caused resistance towards the disease.
XBP1 enhances neural survival and increases the animal’s chances of survival. This mechanism is said to be
related to upregulation of autophagy. It was also observed that FOXO1 factor, a major key in ageing and
autophagy pathways in neurons, is negatively regulated by XBP-1 post-transcriptional levels in B cells of the
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pancreas. By this, we can indicate a relation between XBP1 and its regulation of autophagy [42,43]. ATF6
pathway also induces autophagy through HSPAS upregulation which sequentially downregulates AKT1/AKT,
which ushers autophagy. CEBPB a transcription factor associated with ATF6 expresses DSPK1 (Death associated
protein kinase-1) which induces IFNG1-dependent autophagy. This subsequently leads to dissociation between
BECIN1 and BCL2 and initiates autophagy. However, ATF6 is also known to decrease DSPK 1 expression which
leads to inhibition of apoptosis [40].

Although substantial advancements have been made in understanding the molecular connections between the
unfolded protein response and autophagy, several critical questions remain unanswered. The exact sequence and
timing of activation for the PERK, IRE1, and ATF6 pathways during endoplasmic reticulum stress are not well-
defined, complicating predictions about which signaling pathway primarily influences autophagy under certain
conditions [43]. Additionally, the common mediators linking these pathways—such as CHOP, JNK, and
Beclinl—constitute a complex regulatory network that is not fully mapped. This complexity is further exacerbated
by contradictory findings regarding the effects of UPR-induced autophagy in various disease models, where the
same pathway may either support cell survival or lead to cell death. Lastly, the lack of comprehensive systems-
level and computational analyses hinders our ability to quantitatively model this interaction. Bridging these
knowledge gaps is crucial for pinpointing the regulatory checkpoints that decide whether UPR-mediated
autophagy serves as a protective or harmful mechanism in response to cellular stress [41].
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of BCL2 and BECIN1 leading towards autophagy. The IRE1 pathway phosphorylates MAPKS8 which leads to
BECINI and BCL2 dissociation.Also it triggers Xbp-1 which in turn inhibits FOX-1, and converts LC3-I to LC3-

IT which helps in the formation of autophagosome.

Table 2: UPR Pathways and Their Role in Autophagy
UPR Key Activators Autophagy Mechanism of Action Outcome
Pathway Mediators
PERK BiP dissociation, ATF4, CHOP, | PERK phosphorylates e[F2a, | Autophagy may be
PERK GADD34, LC3, | leading to ATF4 and CHOP cytoprotective or
phosphorylation ATG genes activation, which upregulate | cytotoxic depending
autophagy-related genes on stress intensity
IRE1 BiP dissociation, XBP1, JNK, IRE1 splices XBP1 mRNA to | Regulates balance
IREla dimerization | MAPKS, produce sXBP1; INK between apoptosis
and phosphorylation | Beclinl, phosphorylates BCL2, and autophagy
TRAF2, ASK-1 | releasing Beclinl and
promoting autophagosome
formation
ATF6 BiP dissociation, CHOP, Cleaved ATF6 enters nucleus | Induces autophagy
proteolytic cleavage | HSPAS, and activates autophagy- via mTOR/Akt
by S1P/S2P CEBPB, related genes such as DSPK1 | inhibition and
DSPK1 and HSPAS Beclin1-BCL2
dissociation

5. AUTOPHAGY CONTROLLED THROUGH ERAD:

Unfolded or misfolded proteins are sensed by the ERAD (ER associated degradation) system which transports it
to the cytoplasm for the lysosome to degrade it. In many diseases we see ERAD induced autophagy. The ERAD
has two mechanisms — ERAD I (ubiquitin proteasome dependent) and ERAD II (autophagy lysosome dependent)
[1,8]. Initially autophagy comes into play when the unfolded proteins are too much for ubiquitin based ERAD
system to handle. It has been observed that ER stress may be one of the factors behind ALS (amyptrophic lateral
sclerosis). The UPR signalling transcription factor XBP-1 is effected in this case. It was seen that XBP-1 increases
the SOD-1 levels in the cells during ALS. By increase in SODI it triggers autophagy to reduce the SODI1
aggregates in shXBP-1 cells [10]. One of the targeted genes of XBP-1 is EDEM1 a major component of ERAD
system. It was observed that knocking out EDM1 in shXBP-1 cells decreased its binding to XBP-1 and hence
XBP-1 deficiency may occur. Due to this there may be increase in unfolded proteins in ER due to ERAD inactivity,
this may lead to upregulation of autophagy through XBP-1 deficiency[36,44]. The ubiquitin based ERAD system
requires HSP40DNAJB12 and cytosolic HSP70 for sensing the misfolded proteins. It is observed that multitude
of mutant proteins fails to get translocated by ERAD and hence aggregate leading to autophagy. For example,
studies on ER Quality control (ERQC) show that mutants of al-antitrypsin (a-1AT) are prone to aggregation by
avoiding being translocated by ERAD and hence leading the cell toward autophagy[22,45]. The ER chaperon HSP
70 helps in the selection of misfolded protein aggregates for autophagy. It also helps in the initiation of autophagy
by co-operating through Vps34/Beclin-1 to select proteins for autophagic degradation. The ERQC autophagy was
seen to have a selective degradation process where it could degrade a partially folded mutant through either the
autophagy or ERAD system. For example, the gonadotropin releasing hormone receptor (GnRHR), a mutant form
of a G coupled receptor (GPCR), its proper folding requires many on and off pathways to be triggered, and it is
easily misfolded. The E90K-GnRHR is partially folded, detergent soluble degradation intermediates are unable
to be transported by ERAD and hence ERQC autophagy through its selective degradation, degrades it [46,47].

NF-E2 related factorl (Nrfl) and NF-E2 related factor2 (Nrf2) are transcription factors activated during ER stress
in response to UPR signalling. It was observed that they are components of the crosstalk between autophagy and
ERAD. Nrf2 is known to increase levels of ERAD once ER stress is triggered. Also, through the P62-IKK-NF«B
pathway, which initiates through ER stress, Nrf2 is shown to initiate autophagosomes. But evidence has been
found that Nrf2 also contain autophagy inhibitor pathways. Nrfl also initiates the formation of proteasome
subunits of ERAD during ER stress [48]. In diseases caused by serpins, which are characterized by accumulation
of polymer mutant protein on the ER include a-1AT deficiency and also FENIB [49]. It was observed that both
ERAD and autophagy work together in the degradation of Serpin polymers. However, serpin polymers have
shown resistance towards ERAD in in vivo studies. This is because for ERAD to function the serpin polymer
needs to dissociate to serpin monomer so as to deliver it to cytosol, however such dissociation of serpin polymer
in animal disease models have yet not been observed [43]. In this case autophagy seems like the better of the two
options to degrade the serpin polymers. It was observed in neuronal PC-12 cells that ERAD provided selective
and specific degradation of mutant neuroserpin, not autophagy. It was noted that in protein degradation, of both
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specific ERAD and nonspecific autophagy degradation take place. Eventually it is the cell type and the degree,
duration, and the severity of the stress that determines which degradation pathway it chooses [50].

Despite the growing recognition of the mechanistic framework of ER-associated degradation and its interaction
with autophagy, numerous questions remain unresolved. The specific molecular mechanism that dictates whether
misfolded proteins are channeled towards proteasomal degradation through ERAD or lysosomal degradation via
autophagy is still not well understood. Additionally, several components of ERAD, such as p97/VCP, EDEMI,
and Derlin-1, are known to be involved in both processes, yet their dual regulatory functions are not fully defined.
Another unanswered question is the extent to which ERAD and autophagy work redundantly or in synergy to
maintain proteostasis during prolonged stress [36,43]. Moreover, most research on the crosstalk between ERAD
and autophagy has been conducted in vitro, leaving their significance in in vivo or disease-specific scenarios
largely speculative. Addressing these gaps is essential for understanding how cells coordinate proteasomal and
lysosomal degradation pathways to maintain endoplasmic reticulum homeostasis.

6. LINKING AUTOPHAGY AND ER STRESS THROUGH UBIQUITIN-PROTEASOME SYSTEM:
The ubiquitin proteasome system (UPS) is a protein degradation system that degrades misfolded, partially folded
proteins. The degradation process occurs when misfolded proteins are marked by ubiquitin, making it easier for
the 26S proteasome complex to specifically identify and degrade them. It’s a highly selective process [51]. UPS
also helps to take out nascent partially folded protein formed in ER, and maintain ER homeostasis. UPS is thought
to be a major part of the ERAD system. Both autophagy and UPS are capable of degrading dysfunctional proteins,
whereas autophagy is able to degrade long-lived bulk substrates, UPS is only able to degrade short lived protein
substrates. However UPS is more selective and it can direct towards a more selective autophagy. By ubiquitination
one can link between autophagy and UPS. It was observed that when autophagic genes Atg5 or Atg7 were knocked
out there was an increase in the levels of ubiquitinated proteins [52]. By this we can infer that autophagy might
degrade proteins that are specifically ubiquitinated. Another observation noticed in this was that when autophagy
becomes defective UPS takes up on protein degradation. It was also seen that a defective UPS increases autophagy
in cells exponentially. In Drosophilia it was noted that by inhibiting proteasome system, UPR brought forth
autophagy. It was seen that autophagy protected the genetic materials from cell death caused due to proteasome
inhibition [52,53].

It was noted that both autophagy and UPS can regulate ER stress. ER stress can be brought about by accumulation
of misfolded proteins due to proteasome inhibition and also defective function of ERAD. This may bring
autophagy to action so as to alleviate the ER stress from the cells, and also to supress the cell death brought about
due to proteasome inhibition. It is seen that p62 plays an important role in linking autophagy to UPS, by inducing
autophagic degradation to ubiquitinated proteins. p62 is essential for autophagosome formation for degrading
polyubiqutinated proteins in response to stress. The FoxO3 is seen to control key transcription factors of both
autophagy and UPS [54]. Like in cardiac cells they activate E3 ubiquitin ligase such as atrogin-1 or MuRF-1. In
skeletal muscle cells, FoxO3 induces autophagy by directly binding to promoters of LC3b, Gabrapl, atgl21,
Bnip3, and controlling transcription of other autophagy related genes. Thus by controlling key elements of both
the systems it can create crosstalk between autophagy and UPS. The factor HDAC6 (Histone Deacetylase 6) is
seen to be controlling both aggresome and autophagosome formation [55]. It is one of the major factors which
help in transport of autophagosomes and lysosome to MTOC, where aggresomes are present. An aggresome is a
large inclusion body which packs the toxic and active oligomers from the misfolded proteins so as to detoxify
them. HDACG6 helps in autophagosome transportation, and initiates autophagic degrading of aggresomes. In fly
models it was observed in cases of UPS defect HDAC6 implemented autophagy in response to stress. p62 and
HDACSG is seen to work together in the formation of phagaphore and providing signals by interacting with K63
linked polyubiquitin chain to promote autophagic degradation. TRIM13 also known as Rfp2, Leu5 of the TRIM
family of RING proteins is shown to play an important part in ER stress by mediating through the ERAD system
via UPS. TRIM13 gets polyubiquitinated and interacts with p62 and through this helps in the binding of UBA
(ubiquitin associated domain) to the ubiquitinated protein. Then it decides the degradation pathway for the protein
either through autophagy or UPS [53,55,56].

While the link between the ubiquitin—proteasome system, ER stress, and autophagy has attracted considerable
interest, many questions remain unanswered. The cellular mechanism that detects proteasomal overload and
triggers compensatory autophagy is not yet fully understood, nor is the involvement of UPR sensors in this
transition. Additionally, certain E3 ubiquitin ligases and deubiquitinases, including HRD1, CHIP, and Parkin,
seem to operate at the junction of both degradation pathways, but their substrate specificity and dual regulatory
roles are not completely characterized [51,53]. The compensatory dynamics between UPS and autophagy also
differ among cell types and stress levels, resulting in conflicting outcomes in various experimental settings.
Furthermore, the importance of different ubiquitin chain linkages in steering substrates toward either proteasomal
or lysosomal degradation remains to be fully clarified. Filling these mechanistic gaps is crucial for comprehending
how ubiquitin signaling manages proteostasis through both the UPS and autophagy under conditions of ER stress.
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7. P62 INVOLVED IN AUTOPHAGY AND ER STRESS:

The p62 protein also known as sequestosome 1 (SQSTM1) is a ubiquitin-binding protein that aggregates in case
of diseases involving misfolding of protein, like the neurodegenerative diseases. This proteins polymerizes
through N-terminal PBI domain and can interact with ubiquitinated proteins through its C-terminal UBA domain.
Also p62 binds to the LC3 and GABARAP family proteins through certain specific sequence motifs [54]. The
protein is degraded through autophagy. p62 can be seen as a link between how ubiqitinated proteins are degraded
by lysosome through autophagy. It was noted that the levels of p62 increased when autophagy was inhibited, but
when autophagy was activated p62 levels decreased. So p62 is like a marker for autophagy [57].

In Huntington’s disease, the aggregation of poly Q expanded mutant Huntington protein (mtHTT) is common.
Autophagy is one of the best protein degradation pathways through which these aggregates are removed.
However, recently it was found that ectodermal neural cortex-1 (ENC1) which is a novel binding factor to p62
was seen to inhibit autophagy under ER stress. ENC1 can bind directly to p62 through BTB and C terminal Kelch
(BACK) domain, and there interaction is increased by ER stress. ER stress is known to increase ENC1 expression
through IRE-1, TRAF2 and JNK pathway. The expression of ENC1 is known to increase mHTT aggregates. The
ENCI also associates with the mHTT aggregates through the c-terminal Kelch domain and interferes with p62°s
ability to recognise ubiquitinated mHTT. Thus, decreasing autophagy’s degradation pathways under ER stress
causing increased neurotoxicity [58].

It was observed in autophagy deficient tumour cells, that the misfolded protein levels increased causing severe
ER stress. In these cells there was a marked increase of p62 and ER chaperons. It was seen in these cases that
increase in p62 levels may be the reason for ROS expression which results in severe oxidative stress [57,59],
which may in turn lead to DNA damage and tumorogenesis. But in brain tissues during autophagic inhibition the
Keap-1-Nrf2-ARE pathway (oxidative response elements) protects the cells from ROS and severe oxidative stress.
It was seen that p62/ZIP can increase Nrf2 activity by interacting with Keap1, through Keap1 interacting region
(KIR), which in turn causes autophagic degradation of Keapl. p62/ZIP also binds directly to the promoter region
of ARE thus creating a positive feedback loop between Nrf2 and p62. So we can conclude that in autophagy
inhibited brain tissue; p62 helps not only to alleviate oxidative stress, but also decreases ER stress through Keap1-
Nrf2-ARE signalling pathway [60].

Patulin (PAT) is a mycotoxin produced by moulds like Aspergillus spp. and Penicillium spp. This PAT causes
skin toxicology and severe skin carcinogenicity. This carcinogenicity is the result of PAT causing autophagy
inhibition. This autophagy inhibition is marked by accumulation of p62. It was observed that in these situations
p62 causes a pro survival signalling, which increases the chances of cell’s survival, but this also causes an
imbalance in cell death and cell growth levels [61,62]. This pro survival signals may create a cytoprotective ER
stress. This ER stress is brought about by IRE1/2 which inhibits the phosphorylation of BAD. By accumulation
p62 it was observed there was an increase in the ROS levels in the cell. It was observed that PAT inhibition of
autophagy led to induction of ER stress. However when p62 was inhibited by RNAi the PAT induced ER stress
was dissolved. By this we can assume that p62 plays a major role in autophagy inhibited induced ER stress [63].
Although p62/SQSTMI1 is well-known as a versatile adaptor that connects autophagy, the ubiquitin—proteasome
system, and ER stress responses, many aspects of its regulation are still not fully understood. The transcriptional
regulation of p62 during ER stress involves both ATF4 and Nrf2, but the specific contributions and timing of
these pathways have yet to be clearly defined [57,59]. Furthermore, p62 plays a dual role in determining cell
fate—helping cells adapt to proteotoxic stress under mild conditions, while encouraging apoptosis or
inflammation during prolonged stress. The mechanisms that control this functional shift remain unclear.
Additionally, the way p62 interacts with UPR components and directs substrates between proteasomal and
autophagic degradation pathways has not been clearly outlined. Finally, structural and quantitative studies are
needed to comprehend how post-translational modifications influence p62’s scaffolding roles. Addressing these
gaps is crucial for establishing p62 as a precise therapeutic target in diseases marked by ER stress and disrupted
proteostasis [57].

8. UPR SIGNALLING INHIBITS MTOR/AKT-1/PI3K PATHWAYS TO INDUCE AUTOPHAGY:

mTOR (mammalian target of rapamycin) complex is an important molecular pathway regarding apoptosis,
autophagy, and ER stress. mTOR complex 1 (mTORCI) is found in both upstream and downstream of ER
signalling and regulates it accordingly. This factor may antagonize the anabolic output of mTORCI1 [64]. It was
noticed in prolonged ER stress condition, nTORCI1 inhibits AKT pathway through negative feedback and hence
supressing survival kinase and ushering in apoptotic signalling. Prolonged ER stress also contributes to AKT
inhibition through mTOR complex2 (mTORC2) [65]. AKT is a ser/thr kinase positive regulator of mTOR.
Regulation of mTOR-AKT pathway leads to autophagy initiation [66]. It is a well-established fact that
downregulation of mTOR/AKT/PI3K (phosphatidylinositol 3 kinase) upregulates autophagy. The family of cell
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surface growth factor- receptor tyrosine kinase (RTK) such as PDGFR, IGFIR, and EGFR have intrinsic tyrosine
activity. They regulate various pathway such ass RAS/RAF1/2/ERK, JAK/STAT, PI3K/AKT, etc. AKT
fluctuations may lead to various types of cancer. Hence AKT is flanked in both sides by phosphate and tensin
analog (PTEN). PTEN inhibits AKT by increasing the catalysis of phosphatidylinositol (3, 4, 5)-triphosphate
(PIP3) to phosphatidylinositol (4, 5) biphosphate (PIP2). It also catalyses tuberous sclerosis complex 1 /2 (TCS1/
2) heterodimers that inhibits mTOR. Hence when AKT is activated it inhibits TCS1/2 and activates mTOR.
However, when AKT is downregulated in a negative feedback mTOR too gets inhibited. Studies have shown that
TCS1/2 regulation of AKT/mTOR signalling is in response to energy availibility. AMP activated protein kinase
a regulator of energy metabolism also functions as ser/thr kinase and also directly phosphorylates TCS2. Though
cells deprived of TCS1/2 can’t be phosphorylated by AMPK in response to energy depletion and hence mTOR
will not be inhibited [67-70].

It was observed in myeloma cells that treating them with PI3K inhibitor (PI-103) an increase in LC3 genes. There
was also downregulation of PSMD14, a gene responsible for the maturation of 20s proteasome; along with this,
many other proteasome genes were downregulated. It also upregulates many autophagosome-related genes like
ULK-1 (Unc-51 like kinase-1). ULK-1 is also seen to be upregulated in response to mTOR inhibition. ER stress
is known to inhibit AKT/mTOR pathways and consequently bring in autophagy. The UPR pathway ATF6 inhibits
AKT-1 phosphorylation by HSPAS expression in placental choriocarcinoma. It was observed that ATF6 pathway
activates and inhibits mTOR/AKT/PI3 pathways upon ER stress through HSPAS [40]. During ER stress
downstream activation of ATF4 takes place by the phosphorylation of e[F2a. ATF4 activation also leads to Redd1
expression. It was noticed that ATF4 and CCSST/enhancer binding proteinf3 (C/EBP-) negatively regulates
mTOR through Reddl expression. The Redd1 —A hypoxia induced gene in response to ER stress regulates the
TCS1/2 extensively. It is seen that prolonged hypoxia during ER stress activates PERK and upregulates
transcription factor ATF4. The Redd1 regulation is done extensively by PERK-ATF4-elF2a factors, they monitor
Redd1’s induction and inhibition of mTORCI as observed in In vivo models. Insulin like growth factor is also
known to inhibit mTOR. In response to these growth factors class I PI3K and PI3K protein depended kinase
becomes activated which in turn proliferates AKT. They also activate Ras which initiates cascade of Raf-1, which
stimulates MEK1/2 and ERK1/2. As both AKT and ERK1/2 can phosphorylate TCS1/2 they can regulate mTOR
expression. During oxidative stress induced autophagy, the exogenous hydrogen peroxide can phosphorylate
eiF2a and hence activate PERK, it also directly oxidises the protease Atg4 which accelerates the activation of
mature proteolytic LC3. These factors contribute in the inhibition of mTOR pathway. The MAPK/IRE1 factors
present in the downstream of UPR also is known to regulate mTORCI1 through monitoring TCS1/2 activities and
also inhibiting AKT signals [71,72].

ER stress is also known to upregulate transcription cofactor p8 and pseudo tribbles homolog3 (TRB3) which
inhibits the mTOR/AKT pathway, and induces autophagy [22]. A9-tetrahydrocannabinol a major compound of
marijuana can help TRIB3 to inhibit mTOR and cause autophagy in human glioblastoma multiforme model [73].
In HeLa cells ER stress caused by DL-homocystine, DTT, or tunicamycin is shown to inhibit mTOR through
transcription of ATF4 and C/EBP-f. In mouse models it is shown that ER stress causes serine phosphorylation of
JNK thus inhibiting mTOR/AKT pathways [68,74]. AKT and MAPK are two survival signalling pathway that
rapidly activate in response to the downstream effector of PI3K in acute ER stress. During mild ER stress, in
response to the UPR the cells may activate MAPK/AKT cascade for their survival. However, evidence show that
prolonged ER stress causes diminishing of mMTOR/AKT/PI3K leading to autophagy and apoptosis. Also evidence
were found that sometimes due to ER stress mTOR gets hyper activated and causes serine phosphorylation of
IRS1 through JNK pathway. This phosphorylation of IRS1 causes inhibition of AKT pathway [67,68].

Although extensive evidence supports the suppression of mTOR signaling during ER stress, the mechanistic
details of how UPR sensors regulate this pathway remain incompletely understood. Activation of PERK and elF2a
phosphorylation can reduce global protein synthesis and energy demand, thereby indirectly inhibiting mTOR
activity; however, the specific mediators connecting UPR signaling to mTORCI repression—such as REDDI,
TSC2, or AMPK—are variably implicated across different systems. Similarly, the modulation of the PI3K/AKT
axis by UPR signaling is highly context-dependent: transient stress can activate AKT to promote cell survival,
whereas prolonged ER stress suppresses AKT via CHOP-mediated transcriptional changes [68,69]. The precise
temporal hierarchy among PERK, AMPK, and mTOR activation remains poorly defined, as does the feedback
regulation between these pathways. Moreover, few integrative models have quantitatively analyzed these dynamic
interactions. Addressing these gaps will be vital to understanding how UPR-mediated inhibition of the
PI3K/AKT/mTOR axis determines the threshold between adaptive autophagy and apoptotic cell death.

9. UPR SIGNALLING INDUCES AUTOPHAGY THROUGH HYPOXIA:
Deprivation of oxygen can lead to a state called as hypoxia. During hypoxic stare cell metabolism gets severely
affected. Hypoxia also activates hypoxia inducing factors (Hif). Recent studies have shown that Hif can regulate
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mTOR pathways. The Hif is a hetrodimeric transcription factor made up of a and B subunits, which is controlled
by the oxygen tension in the cells [75]. It is observed in TCS2 deficient cells there is an increase in levels of Hif
than in comparison to wild type cells. Increase in Hif levels increases mTOR activity, as mTOR regulates the
stability of Hif in the cells [76]. It has been observed recently that mTOR functions are being regulated by hypoxia.
During severe oxygen depletion major functions such as mRNA translation comes to a halt. mRNA translation is
critically regulated by the assembly of m’-GTP cap binding to EIF4E/eiF4A/eiF4G (eiF4F) of the 40s ribosome
subunit binding to elF2/GTP/met-tRNA tertiary complex. These complexes are all regulated by phosphorylation
of eIF4E binding protein (4-EBP) and elF2oa.1t is also seen hypoxia (15% oxygen) can stop mRNA translation by
hypophosphorylation of 4EBP-1,p70°% and rpS6 [77]. The ER stress pathway, specifically PERK, is known to
phosphorylate elF2a. It is observed that severe hypoxia may lead to the induction of ER stress in many cells.
mTORCI is seen to phosphorylate this 4EBP thus causing them unable to bind to elF4E and promoting cap-
depended translation of mTOR activity. This may cause aggregation of misfolded proteins and may lead to
tumerogenesis and threaten the cell homeostasis and may lead to apoptosis and autophagy [78].

In hypoxic condition it leads to accumulation of the protein aggregation, which causes activation of the PERK
pathway. The PERK then phosphorylates e[F2a which in turn activates ATF4. ATF4 expression is due to selective
translation during hypoxia mediated by the downstream ORFs in 5’UTR factor. It is observed that severe hypoxia
regulates PERK and ATF4. Initiation of autophagy is depended on lot of pre-autophagosomal complexes like
LC3B/MAPILC3B. It was observed that LC3B is transcriptionally upregulated in response to hypoxic ATF4 in
HeLa cells [79]. The autophagic gene Atg5 and LC3B are transcriptional targets of ATF4 and CHOP. ATF4
protects the HeLa cells from apoptosis by upregulating LC3B transcriptional factor in response to ATF4 binding
to AMP in the binding site of LC3B promoter and thus protecting the cells from hypoxic cell death. It was also
observed that during chronic hypoxia both ATF4 and LC3B kept increasing lysosymal mass, and the quantity of
autophagosomes. PERK activates autophagy during hypoxia to relive the ER of excessive toxic protein aggregate.
In SHSSY cells it was observed that Lysosomal associated membrane protein 3 (LAMP3) induced by
PERK/ATF4 arm in response to hypoxia regulates conversion of LC3-I to LC3-II and hence increases autophagic
flux. Hence, it proves that LAMP3 is important for the initiation of autophagy [80,81].

Hypoxia is seen to downregulate many apoptotic genes through translational changes like BID (BH3 interacting
domain death agonist), BAD (BCL-2 agonist of cell death) and BAX. During hypoxia autophagy can be even
induced by RNA interference of knockdown of essential autophagy related protein such as Beclin-1 or Atg5 [82].
In response to hypoxic ER stress there is transcription and expression of Redd1 factor. This Redd1 factor inhibits
mTOR through downregulation of TCS1/2. The Reddl is seen to effect TCS1/2’s GAP activity for inhibiting
them. Also mTOR inhibitors, AMPK and LKB1 play important part in mTOR inhibition in response to acute
hypoxia and Redd1 expression. Under hypoxic conditions TCS2 deficient cells fails to downregulate S6K activity
and this causes accumulation of high amount of Hif. In cell lines like HeLa, MEF, and HEK293 hypoxic TCS2
downregulation is important for the inhibition of mTOR [83].

Although extensive evidence indicates that UPR signaling contributes to hypoxia-induced autophagy, several
mechanistic aspects remain unclear. The precise coordination between the UPR and HIF-1a pathways has not
been fully defined, with conflicting reports suggesting both cooperative and antagonistic interactions. While
PERK activation may stabilize HIF-1a by inhibiting prolyl hydroxylases, IRE1-mediated RIDD activity has been
proposed to degrade HIF-1a transcripts under severe stress [82,83]. Similarly, the extent to which PERK—elF2a—
ATF4-CHOP signaling directly induces autophagy-related genes versus indirectly through metabolic adaptation
remains uncertain. The dependence of BNIP3/NIX-mediated mitophagy on UPR signaling also appears to be cell
type— and context-specific. Furthermore, most current data are derived from in vitro hypoxia models, with limited
validation in in vivo or tumor microenvironmental settings. Addressing these gaps is crucial for understanding
how ER stress and hypoxia cooperatively regulate autophagy and cell fate decisions in physiological and
pathological conditions [75,78,79,83].

10. LINKING AUTOPHAGY AND ER STRESS THROUGH AMPK:

AMPK or 5’ AMP-activated protein kinase or 5’adenosine monophosphate activated protein kinase is an enzyme
which can detect energy levels in the cell and maintain energy homeostasis. When the cell energy becomes low it
increases the uptake of glucose and fatty acids, and oxidation rates to reach homeostasis. The ser/thr kinase is a
heterodimer composed of subunits of AMPK, a catalytic subunit AMPKa, and two regulatory subunits AMPK,
AMPKYy [84]. These subunits are activated through upstream kinase LKB1 when there is a decline in the levels of
ATP and AMP levels increase as in the case of ER stress due to acute hypoxia. This activated AMPK directly
phosphorylates the tumour suppressor TCS2, which in turn causes inhibition of Rheb, which directly binds and
initiates the activation of mTORCI kinase [85,86]. It was observed that AMPK also regulates mTORC signalling
by phosphorylating serine residues Ser722 and Ser792, by this AMPK induces 14-3-3 binding to those raptors,
this causes inhibition of mTORCI in response to energy stress [86,87]. It was observed that AMPK may control
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autophagy through ULK-1. AMPK binds to the PS domain of ULK-1, which causes phosphorylation of its raptors,
which inhibits mTORC] actions and initiates autophagy. AMPK can also directly phosphorylate TCS2 thus
inhibiting mTORCI signals. FIP200 an ULK-1 binding protein also interacts with TCS1/2 complex through
TCSI. It was noticed in mammalian cells that ULK1 interacts with mAtg13 through FIP200 to form a stable
complex under normal nutritious conditions [88,89]. However if there is an impairment in the nutrition levels
caused due to stress, the AMPK may phosphorylate the raptors and recruit 14-3-3 to them causing mTORCI to
dissociate from ULK-1-mAtgl3-FIP200 complex. This dissociation of ULK-1 from mTORCI is crucial for
initiation of autophagy. It is possible to speculate that under cell duress AMPK through phosphorylation can create
conformational changes between ULK-1 and mTORCI, causing the dissociation. There is evidence to suggest
that AMPK can also directly phosphorylate ULK-1 leading to autophagy [90].

In liver injury, Ischemic repurfusion injury (IRI) leads to graft injury. In steatotic liver cells the chances of ER
stress and autophagy both are high in presence of IRI. Here it was noted that by combining melatonin and
trimetazidine to additives in IGL-1 solution, ER stress and autophagy was modulated through AMPK. In liver cell
injury the autophagy plays a protective role, it decreases the liver injury and mitochondrial damage. Activation of
autophagy leads to reduction in cell death and ER stress inhibition. It was noted that when liver cells were treated
with IGL-1 solution supplemented with metatonin and trimetazidine, GRP78, CHOP proteins as well as PERK
protein’s levels reduced significantly. Also when AMPK inhibitor Ara was applied to the solution of IGL-1,
reduction to ER stress was nullified. It is speculated that AMPK decreases mitochondrial damage and ROS
production in the IGL-1 complex solution, which decrease the ER stress levels in the cells. The autophagy related
genes however increased in level in the presence of AMPK in IGL-1 complex solution. There was an increase in
LC3B conversion and also Atg7 protein levels, however there is decline in autophagy related ubiquitin binding
protein SQSTM1/p62 [91,92] .

Similarly in gastric cancer cells it was seen that chicoric acid (CA) can induce autophagy and ER stress through
AMPK. AMPK and p70S6 kinase (p70S6k) helps to promote CA in both in vitro and in vivo expression. The CA
was shown to increase LC3II level which helps in autophagy induction. It also promotes ER stress through
increasing PERK, ATF4 and ATF6 expression [85]. However it was also observed that by inhibiting AMPK
negates the upregulation of not only LC3II, but also of PERK,ATF6 and ATF4, demoting ER stress and autophagy
, hence we can say that AMPK can regulate autophagy and ER stress [93] .

Despite strong evidence that AMPK serves as a critical mediator linking ER stress to autophagy, several aspects
of this relationship remain unresolved. The bidirectional nature of the ER stress—AMPK connection is not fully
established, as AMPK can be both activated by and act upstream of UPR signaling depending on the cellular
context. Furthermore, the extent to which individual UPR branches, such as PERK—elF2a or IRE1-JNK,
differentially regulate AMPK activity is still unclear [84,85]. This ambiguity is compounded by the dual role of
AMPK-induced autophagy, which can support cell survival during transient stress yet promote apoptosis under
prolonged energy depletion. Moreover, the lack of integrated metabolic and ER stress models limits our
understanding of how AMPK dynamically coordinates energy homeostasis and proteostasis. Future studies
employing quantitative and systems-level approaches will be essential to delineate the precise mechanistic
hierarchy of AMPK activation in ER stress—induced autophagy.

11. CALCIUM CONTROLS ER STRESS AND AUTOPHAGY:

ER is known to have an abundance of calcium and is known as a calcium reservoir in the cell. This calcium is
important for proper folding of the proteins and maintaining ER homeostasis. In fact calcium ion is very important
for many ER chaperons including Bip [19,94]. In ER the release of stored calcium ions is mediated through two
membrane receptor channels called RYR (rayandine receptor) and IP3R (inositol 1, 4, 5 triphosphate receptor)
[95]. It was observed that autophagy induction can occur through calcium channel’s activity of IP3-R-Beclinl-
Beclin2 pathway. Inhibition of IP3 leads to autophagy, and IP3-R is its important secondary messenger. During
ER stress UPR activation of IP3-R may lead to macroautophagy through an mTOR dependent pathway. The IP3-
R can both inhibit and induce autophagy depending on the cellular environment. IP3-R mediated calcium is a key
factor in starvation mediated autophagy [18,22]. During starvation of cell the IP3-R calcium signalling increases
from the ER calcium reservoir, which elevates there levels in the cell. The mMTORC1 dependent autophagy is quite
sensitive to these calcium ion stimulations. It is also observed that starvation induced autophagy occurs in
upstream of Atgl2-Atg5 complex, which can sense Ca?" ions importance in mTORC1 dependent pathway [96].

Disbalance of calcium mobility or balance in cell may lead to many calcium regulating pathways which may lead

to autophagy. For example in breast cells the calcium ion (Ca%") mobilizing factors (thaspigargin, ionomycin,
Vitamin D) can activate calcium/calmodulin dependent protein kinase 2 (CAMKKJp) which causes AMPK to
inhibit mMTORCI actions leading to autophagy [97].
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Another work shows that ER content is regulated by T lymphocytes and this regulator is depended on autophagy.
T lymphocytes which have autophagy deficiency are also seen to have defect in there calcium influx when it is
TCR stimulated. This causes an unusual increase in ER which leads to increase in level of calcium, which causes
defect in calcium ion stores. This in turn disrupts CRAC channel function which majorly functions in calcium
mobilization [98]. This increase in calcium stores in ER and its inability to deplete its stores can be inhibited by
treatment with thaspigaegin. This may suggest that autophagy may have some amount of control over calcium
mobility in cell, especially in ER, and suggests that these two factor may influence each other [99].

DAPK-1 is a tumour suppressor and it was found that it can control autophagy caused by calcium influx during
autophagy [100]. DAPK-1 is known to disrupt Beclinl and BCL2L1 interaction by phosphorylating Beclinl on
Thr119 which causes autophagy. Hypoxia can also cause severe calcium influx and activate CAMKI1
(calcium/calmodulin dependent protein kinasel) and CAMK4 (calcium/calmodulin dependent protein kinase4)
which in turn stimulates the formation of autophagosomes [100,101]. Members of PKC family, (protein kinase
C) like PKCO needs ER stress induced autophagy to activate. It was seen that Ca®" is an essential component
required during PKCB8 activation during ER stress. It is also observed that BAPT-AM and calcium chelating agent
could inhibit PKC activation via blocking autophagy. PKC also acts as an ER stress sensor in skeletal muscles
[102]. Tt is observed that PKC8 activation alone can cause autophagy without ER stress, however ER stress
strengthens the autophagy formation. BAPT-AM mediated Ca?' chelation is shown to hamper lysosomal function
which consequently leads to inhibit autophagosomal degradation. This suggests that if there is some problem with
cytosolic calcium influx it might cause disruption in lysosomal activities causing autophagy to take place [98,103].

12. AUTOPHAGY AND LIPOPHAGY AND LIPID MOVEMENTS:

Cells store fat as lipid droplets (LD), these are basically lipid esters surrounded by monolayer of phospholipids
which protects the structure from hydrophilic cytosol [104,105]. LDs are generally found in adipose tissues, but
they originate from ER where they play important role in lipid mobilization and metabolism [106]. The
mobilisation of lipids inside LDs is facilitated by lipolysis. It has been recently found that autophagy may play a
role in LD breakdown. The LDs have been reported to have lipases in there lysosomal lumen along with other
hydrolases such as proteases, glycases, nucleases. The lysosomal lipases, also known as “acid lipases” because of
their optimal acidic pKa, is basically used for lipid degradation via endocytosis or is thought to be present in
organelles that are being digested through autophagic process[22,107]. It was observed in cultured hepatocyte
cells in which Atg5 was knocked out in response to acute oleic acid challenge that there was an increase in the
number of LDs, and also there enlargement in the absence of autophagy due to Atg5 knockdown [28,108].
Generally in hepatocytes in response to acute challenges increase in lipolysis takes place which prevents
enlargement of the LDs. Similar case was observed in in vivo studies of knockout liver cells of Atg7 gene [108].
Here autophagy impairment leads to severe case of fatty liver, compared to that of control animals. This establishes
that lack of autophagy may lead to enlargement of LD compartment. However biochemical tests suggest that lipid
accumulation is not linked with enlargement of LDs but it may be linked with reduction of lipolysis. Hence we
can also conclude that autophagy can be used as a control factor in the case of fatty liver, lipid accumulations.
Besides it has been observed that stimuli such as starvation also engage lipolytic contribution to autophagic system
[106,109].

Lipophagy has been found in other cells too, like immune cells and neuronal cells. It may suggest that in order to
use cellular fat stores autophagic turnover lipids may be a common mechanism used by various cells. The neurons
within mediobasal hypothalamus (MBH) forms a part of focal neuronal network [106,110]. It gets most of its
hormonal and nutritional information from two major sources, PI3K and mTOR; they help to maintain control
over food and energy balance. The hypothalamic fatty acid metabolism also helps to maintain appetite. It also has
been observed that free fatty acid (FFA) and oxidation provide energy for firing of orexigenic agouti related
peptide (AgRP) neurons [68,111]. It is possible that autophagy activated by starvation in most cells causes lipids
to mobilize in hypothalamus causing generation of FFA which in turn initiates food intake mechanism, and hence
the cells get nutrition. Recent studies in mice knocked out Atg7 in AgRP neurons in hypothalamus showed that
nutritional depletion leads to autophagy which in turn generates higher levels of AgRP[105,112]. Activation of
autophagy in hypothalmus in response to acute lipid stimulus is also related to increase in AMPK and ULK1
kinases, which can suggest that they are also related to sensing FFA mechanism that controls autophagy in
response to nutrient fluxing [113].

In a study made in indomethacin induced LD accumulation in erythrocytes, it was found that the accumulation of
LDs may be due to de novo lipogenesis and increased cytosolic fatty acid formation [110,114]. Major evidence
also suggest that LD accumulation may be due to ER stress [115]. The time dependent study showed that
lipophagy was activated in erythrocytes. This was marked by high level expression of autophagy proteins such as
LC3-IT and LAMP-2. This shows there is a clear connection between LC3-II and LD. The increase in lipophagy
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marks with the decrease of LDs in erythrocytes, hence we can conclude that lipophagy is a cytoprotective
mechanism to eliminate LDs in erythrocytes. This was proved when levels of LD increased when autophagy was
inhibited which also led to lipophagy viability. However due to indomethacin treatment there is a decrease in
LAMP-2 protein after a certain time point, this creates problems for autophagosomal compartments to fuse with
lysosomal compartment. LAMP-2’s decrease can be attributed to the accumulation of LDs in treated erythrocyte
cells which causes elevated lipoappoptosis. This In vitro study also clearly indicates indomethacin induced
lipophagy and apoptosis in erythrocytes are very much ER stress mediated, this was confirmed by blocking ER
stress with 4-PBA and suppression of mTOR. It is strongly hinted that ER stress accumulates the LDs as a form
of cytoprotective activity, but prolonging this action leads to apoptosis [116].

Autophagy plays a role in pancreatic f cells. At diabetic conditions chronic exposure to high fat concentration due
to high fat diet may lead to change in lipid composition of the autophagosome and lysosome’s membranes which
can cause hindrance to their fusing capabilities. Hence it can be said that FFA can cause problem to autophagy in
Beells[117,118]. Itis also seen that FFA induced lipid accumulation in f§ cells also inhibit autophagy as autophagy
can degrade lipids and decrease triglyceride levels. Inhibiting autophagy increases triglycerides in various cells
like adipocytes, hepatocytes, etc. Recent studies have shown that kaempeferol protects pancreatic B cells from PA
induced apoptosis by activating autophagy. It was found in this study that kaempeferol can delete unwanted stored
lipid droplets from f cells through AMPK/mTOR mediated lipophagy [106,110,119]. PLIN-2 a lipid droplet that
increases triglyceride levels, coats the proteins of pancreatic B cell, and during lipid deposition PLIN-2’s levels
increase however when treated with kaempeferol there levels get decreased drastically[120]. When autophagy
inhibitors like wortamin and chloroquinone were introduced to kaempferol treated cells, the keampferol’s
decreased LD levels increased along with the triglyceride levels, and PLIN-2 levels. This establishes the
importance of autophagy in the manipulation of LD levels. It is well known that ER stress is one of the main
reasons for obesity and diabetes related pathologies. Oxidative ER stress and accumulation of ubiquitinated
proteins can lead to exposure of saturated FFA in pancreatic f cells leading to apoptosis. The CHOP present in
downstream of ER stress is a key factor in cell death signalling which gets opposed by PA and high glucose treated
B cells. Studies have shown in murine models of type 2 diabetes, where CHOP deletion restores stimuli in 3 cell
mass. It is shown that activated autophagy reduces ER stress and in turn decreases apoptosis in § cells. Hence it
is proven that kaempferol treatment causes CHOP expression to decrease along with that of ER stress that leads
autophagy expression to increase [121].

13. CONCLUSION:

The endoplasmic reticulum (ER) and autophagy are central to maintaining cellular proteostasis and metabolic
equilibrium. Under physiological conditions, the unfolded protein response (UPR) orchestrates adaptive signaling
through the PERK, IRE1, and ATF6 branches to restore ER homeostasis. When stress persists, these pathways
converge with autophagic machinery to remove misfolded proteins, defective organelles, and lipid aggregates.
Crosstalk among UPR signaling, autophagy, ER-associated degradation (ERAD), and the ubiquitin—proteasome
system (UPS) defines a finely balanced network that determines whether a cell survives or undergoes programmed
death. Dysregulation of this axis contributes to diverse pathological conditions including cancer,
neurodegeneration, metabolic disorders, and inflammation.

Despite significant advances, several critical questions remain unresolved. The temporal hierarchy and
coordination among UPR branches in controlling autophagy are still unclear. The molecular switches that
determine whether UPR-induced autophagy acts as a protective or pro-death mechanism remain undefined. The
integration of metabolic sensors such as AMPK and mTOR into ER stress signaling networks is incompletely
understood, as is the link between selective autophagy types (ER-phagy, mitophagy, lipophagy) and UPR sensors.
Furthermore, the inter-organelle communication between ER, mitochondria, and lipid droplets, which governs
energy flux and membrane biogenesis, requires deeper exploration. While numerous chemical chaperones and
pathway inhibitors have shown promise in modulating these stress responses, their specificity, timing, and safety
remain major translational barriers.

Future research should emphasize quantitative, systems-level, and multi-omics approaches to dissect these
dynamic signaling events. Integrating structural, biochemical, and in vivo studies will be essential for mapping
precise regulatory nodes within the ER stress—autophagy—lipid metabolism triad. Such mechanistic insight will
pave the way for developing targeted interventions capable of restoring proteostasis without compromising
essential stress-adaptive functions. Ultimately, decoding the interplay between ER stress and autophagy holds
great promise for next-generation therapeutics across metabolic, neurodegenerative, and oncological diseases.

ACKNOWLEDGEMENT:
Authors acknowledge the support and research ambience provided to AG by Sathyabama Institute of Science and
Technology to write this article.

Genetics and Molecular Research 25 (7s): 2026

15



Author Contributions:

Arjita Ghosh contributed in the conceptualisation, writing, reviewing and correcting the article.
Conflict of interest:

There is no conflict of interest

Funding Details:

This work was not funded.

Data Availability:

The data used in this work can be made available by requesting the author of this manuscript.
Declaration of Generative Al in Scientific Writing:

The author used generative Al like ChatGPT and writing editing tool PaperPal to help in improving and give
clarity to this article. The concept and writing of the article are all original.

REFERENCE:

1. Yoshida H. ER stress and diseases. FEBS Journal. 2007;274:630-58. https://doi.org/10.1111/j.1742-
4658.2007.05639.x

2. Radanovi¢ T, Ernst R. The Unfolded Protein Response as a Guardian of the Secretory Pathway. Cells 2021,
Vol 10, Page 2965 [Internet]. Multidisciplinary Digital Publishing Institute; 2021 [cited 2025 Oct 25];10:2965.
https://doi.org/10.3390/CELLS10112965

3.QuJ, Zou T, Lin Z. The Roles of the Ubiquitin—Proteasome System in the Endoplasmic Reticulum Stress
Pathway. International Journal of Molecular Sciences 2021, Vol 22, Page 1526 [Internet]. Multidisciplinary
Digital Publishing Institute; 2021 [cited 2025 Oct 25];22:1526. https://doi.org/10.3390/1JMS22041526
4.BaiZ,Peng Y, Ye X, LiuZ, Li Y, Ma L. Autophagy and cancer treatment: four functional forms of autophagy
and their therapeutic applications. J Zhejiang Univ Sci B [Internet]. Zhejiang University Press; 2022 [cited 2025
Oct 2571;23:89. https://doi.org/10.1631/JZUS.B2100804

5. Hetz C, Zhang K, Kaufman RJ. Mechanisms, regulation and functions of the unfolded protein response. Nat
Rev Mol Cell Biol [Internet]. Nat Rev Mol Cell Biol; 2020 [cited 2025 Oct 25];21:421-38.
https://doi.org/10.1038/S41580-020-0250-Z

6. Kwon J, Kim J, Kim K II. Crosstalk between endoplasmic reticulum stress response and autophagy in human
disecases. Anim Cells Syst (Seoul) [Internet]. Taylor and Francis Ltd.; 2023 [cited 2025 Oct 25];27:29.
https://doi.org/10.1080/19768354.2023.2181217

7. Deegan S, Saveljeva S, Gorman AM, Samali A. Stress-induced self-cannibalism: on the regulation of
autophagy by endoplasmic reticulum stress. Cell Mol Life Sci [Internet]. 2012 [cited 2025 Oct 25];70:2425.
https://doi.org/10.1007/S00018-012-1173-4

8. Read A, Schréder M. The Unfolded Protein Response: An Overview. Biology (Basel) [Internet]. MDPI AG;
2021 [cited 2025 Oct 25];10:384. https://doi.org/10.3390/BIOLOGY 10050384

9. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA Is Induced by ATF6 and Spliced by IRE1
in Response to ER Stress to Produce a Highly Active Transcription Factor phorylation, the activated Irelp
specifically cleaves HAC1 precursor mRNA to remove an intron of 252 nucle-otides. The cleaved 5 and . Cell.
2001;107:881-91.

10. Luo X, Alfason L, Wei M, Wu S, Kasim V. Spliced or Unspliced, That Is the Question: The Biological
Roles of XBP1 Isoforms in Pathophysiology. International Journal of Molecular Sciences 2022, Vol 23, Page
2746 [Internet]. Multidisciplinary Digital Publishing Institute; 2022 [cited 2025 Oct 25];23:2746.
https://doi.org/10.3390/1JMS23052746

11. Oda Y, Okada T, Yoshida H, Kaufman RJ, Nagata K, Mori K. Derlin-2 and Derlin-3 are regulated by the
mammalian unfolded protein response and are required for ER-associated degradation. Journal of Cell Biology.
2006;172:383-93. https://doi.org/10.1083/jcb.200507057

12. Gémora-Garcia JC, Gerénimo-Olvera C, Pérez-Martinez X, Massieu L. IRE1a RIDD activity induced under
ER stress drives neuronal death by the degradation of 14-3-3 6 mRNA in cortical neurons during glucose
deprivation. Cell Death Discov [Internet]. Springer Nature; 2021 [cited 2025 Oct 25];7:131.
https://doi.org/10.1038/S41420-021-00518-9

13. Oka OB, Lith M van, Rudolf J, Tungkum W, Pringle MA, Bulleid NJ. ERp18 regulates activation of ATF6a
during unfolded protein response. EMBO J [Internet]. Springer Science and Business Media LLC; 2019 [cited
2025 Oct 25];38:€100990. https://doi.org/10.15252/EMBJ.2018100990

14. Liang G, Audas TE, Li Y, Cockram GP, Dean JD, Martyn AC, et al. Luman/CREB3 Induces Transcription
of the Endoplasmic Reticulum (ER) Stress Response Protein Herp through an ER Stress Response Element. Mol
Cell Biol [Internet]. Informa UK Limited; 2006 [cited 2025 Oct 25];26:7999.
https://doi.org/10.1128/MCB.01046-06

15. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, et al. Regulated translation initiation controls
stress-induced gene expression in mammalian cells. Mol Cell. 2000;6:1099-108. https://doi.org/10.1016/S1097-
2765(00)00108-8

Genetics and Molecular Research 25 (7s): 2026

16



16. Wu Y, Wang G, Yang R, Zhou D, Chen Q, Wu Q, et al. Activation of PERK/elF20/ATF4 signaling inhibits
ERa expression in breast cancer. Neoplasia [Internet]. Elsevier Inc.; 2025 [cited 2025 Oct 25];65:101165.
https://doi.org/10.1016/J.NEO.2025.101165

17. Zeeshan HMA, Lee GH, Kim HR, Chae HJ. Endoplasmic reticulum stress and associated ROS. Int J Mol Sci.
2016;17:1-20. https://doi.org/10.3390/ijms17030327

18. Hoyer-Hansen M, Jaitteld M. Connecting endoplasmic reticulum stress to autophagy by unfolded protein
response and calcium. Cell Death Differ. 2007;14:1576—82. https://doi.org/10.1038/sj.cdd.4402200

19. Qi Z, Chen L. Endoplasmic Reticulum Stress and Autophagy. Adv Exp Med Biol [Internet]. Springer,
Singapore; 2019 [cited 2025 Oct 25];1206:167—77. https://doi.org/10.1007/978-981-15-0602-4 8

20. Lei Y, Yu H, Ding S, Liu H, Liu C, Fu R. Molecular mechanism of ATF6 in unfolded protein response and
its role in disease. Heliyon [Internet]. Elsevier Ltd; 2024 [cited 2025 Oct 25];10:¢25937.
https://doi.org/10.1016/J.HELIYON.2024.E25937

21. Siwecka N, Rozpedek-Kaminska W, Wawrzynkiewicz A, Pytel D, Diehl JA, Majsterek 1. The Structure,
Activation and Signaling of IRE1 and Its Role in Determining Cell Fate. Biomedicines [Internet]. MDPI AG;
2021 [cited 2025 Oct 25];9:156. https://doi.org/10.3390/BIOMEDICINES9020156

22. Liu SZ, Yao SJ, Yang H, Liu SJ, Wang YJ. Autophagy: Regulator of cell death. Cell Death Dis [Internet].
Springer Nature; 2023 [cited 2025 Oct 25];14:1-17. https://doi.org/10.1038/S41419-023-06154-8;SUBJIMETA
23. Yim WWY, Mizushima N. Lysosome biology in autophagy. Cell Discov [Internet]. Springer Nature; 2020
[cited 2025 Oct 25];6:1-12. https://doi.org/10.1038/S41421-020-0141-7;SUBJIMETA

24. Kaushik S, Cuervo AM. Chaperone-mediated autophagy: A unique way to enter the lysosome world. Trends
Cell Biol. Elsevier Ltd; 2012;22:407—-17. https://doi.org/10.1016/j.tcb.2012.05.006

25. Feng Y, He D, Yao Z, Klionsky DJ. The machinery of macroautophagy. Cell Res. Nature Publishing Group;
2014;24:24-41. https://doi.org/10.1038/cr.2013.168

26. Zientara-Rytter K, Subramani S. Mechanistic insights into the role of Atgl1 in selective autophagy. J Mol
Biol [Internet]. Academic Press; 2019 [cited 2025 Oct 25];432:104. https://doi.org/10.1016/J.JMB.2019.06.017
27. Ravanan P, Srikumar IF, Talwar P. Autophagy: The spotlight for cellular stress responses. Life Sci. Elsevier
Inc; 2017;188:53—67. https://doi.org/10.1016/.1fs.2017.08.029

28. Mizushima N. The ATG conjugation systems in autophagy. Curr Opin Cell Biol [Internet]. Elsevier Current
Trends; 2020 [cited 2025 Oct 25];63:1-10. https://doi.org/10.1016/J.CEB.2019.12.001

29. Xiong Q, Li W, Li P, Yang M, Wu C, Eichinger L. The Role of ATG16 in Autophagy and The Ubiquitin
Proteasome System. Cells. 2018;8:2. https://doi.org/10.3390/cells8010002

30. Wirawan E, Berghe T Vanden, Lippens S, Agostinis P, Vandenabeele P. Autophagy: For better or for worse.
Cell Res. Nature Publishing Group; 2012;22:43—61. https://doi.org/10.1038/cr.2011.152

31. Zhou Y, Wang Z, Huang Y, Bai C, Zhang X, Fang M, et al. Membrane dynamics of ATG4B and LC3 in
autophagosome formation. J Mol Cell Biol [Internet]. Oxford University Press; 2021 [cited 2025 Oct 25];13:853.
https://doi.org/10.1093/IMCB/MJAB059

32. Olsvik HL,, Lamark T, Takagi K, Larsen KB, Evjen G, @vervatn A, et al. FYCO1 contains a C-terminally
extended, LC3A/B-preferring LC3-interacting region (LIR) motif required for efficient maturation of
autophagosomes during basal autophagy. Journal of Biological Chemistry. 2015;290:29361-74.
https://doi.org/10.1074/jbc.M115.686915

33. Ke PY. Molecular Mechanism of Autophagosome—Lysosome Fusion in Mammalian Cells. Cells [Internet].
Multidisciplinary Digital Publishing Institute (MDPI); 2024 [cited 2025 Oct 25];13:500.
https://doi.org/10.3390/CELLS 13060500

34. Dikic I, Elazar Z. Mechanism and medical implications of mammalian autophagy. Nat Rev Mol Cell Biol
[Internet]. Nat Rev Mol Cell Biol; 2018 [cited 2025 Oct 25];19:349—64. https://doi.org/10.1038/S41580-018-
0003-4

35. Ogata M, Hino S -i., Saito A, Morikawa K, Kondo S, Kanemoto S, et al. Autophagy Is Activated for Cell
Survival after Endoplasmic Reticulum Stress. Mol Cell Biol. 2006;26:9220-31.
https://doi.org/10.1128/mcb.01453-06

36. Chen X, Shi C, He M, Xiong S, Xia X. Endoplasmic reticulum stress: molecular mechanism and therapeutic
targets. Signal Transduct Target Ther [Internet]. Springer Nature; 2023 [cited 2025 Oct 25];8:1-40.
https://doi.org/10.1038/S41392-023-01570-W;SUBJMETA

37. Clarke R, Cook KL, Hu R, Facey COB, Tavassoly I, Schwartz JL, et al. Endoplasmic reticulum stress, the
unfolded protein response, autophagy, and the integrated regulation of breast cancer cell fate. Cancer Res.
2012;72:1321-31. https://doi.org/10.1158/0008-5472.CAN-11-3213

38. Huang T, Takagi S, Koike S, Katayama R. Inhibition of anti-apoptotic Bcl-2 family members promotes
synergistic cell death with ER stress inducers by disrupting autophagy in glioblastoma. Cell Death Discov
[Internet]. Springer Nature; 2025 [cited 2025 Oct 26];11:1-13. https://doi.org/10.1038/S41420-025-02632-
4;SUBJMETA

Genetics and Molecular Research 25 (7s): 2026

17



39. Bretin A, Carricre J, Dalmasso G, Bergougnoux A, B’chir W, Maurin AC, et al. Activation of the EIF2AK4-
EIF2A/elF2a-ATF4 pathway triggers autophagy response to Crohn disease-associated adherent-invasive
Escherichia coli infection. Autophagy. Taylor & Francis; 2016;12:770-83.
https://doi.org/10.1080/15548627.2016.1156823

40. Wang MG, Fan RF, Li WH, Zhang D, Yang DB, Wang ZY, et al. Activation of PERK-elF2a-ATF4-CHOP
axis triggered by excessive ER stress contributes to lead-induced nephrotoxicity. Biochimica et Biophysica Acta
(BBA) - Molecular Cell Research [Internet]. Elsevier; 2019 [cited 2025 Oct 26];1866:713-26.
https://doi.org/10.1016/J.BBAMCR.2018.12.002

41. Bartoszewska S, Collawn JF. Unfolded protein response (UPR) integrated signaling networks determine cell
fate during hypoxia. Cell Mol Biol Lett [Internet]. BioMed Central Ltd.; 2020 [cited 2025 Oct 26];25:1-20.
https://doi.org/10.1186/S11658-020-00212-1/FIGURES/3

42. Vidal RL, Hetz C. Crosstalk between the UPR and autophagy pathway contributes to handling cellular stress
in neurodegenerative disease. Autophagy. 2012;8:970-2. https://doi.org/10.4161/auto.20139

43. Kwon J, Kim J, Kim K II. Crosstalk between endoplasmic reticulum stress response and autophagy in human
diseases. Anim Cells Syst (Seoul) [Internet]. Anim Cells Syst (Seoul); 2023 [cited 2025 Oct 26];27:29-37.
https://doi.org/10.1080/19768354.2023.2181217

44. Matus S, Nassif M, Glimcher LH, Hetz C. XBP-1 deficiency in the nervous system reveals a homeostatic
switch to activate autophagy. Autophagy. 2009;5:1226—8. https://doi.org/10.4161/auto.5.8.10247

45. Teckman JH, Perlmutter DH. Retention of mutant al-antitrypsin Z in endoplasmic reticulum is associated
with an autophagic response. Am J Physiol Gastrointest Liver Physiol. 2000;279:961-74.
https://doi.org/10.1152/ajpgi.2000.279.5.g961

46. Houck SA, Ren HY, Madden VJ, Bonner JN, Conlin MP, Janovick JA, et al. Quality Control Autophagy
Degrades Soluble ERAD-Resistant Conformers of the Misfolded Membrane Protein GnRHR. Mol Cell. Elsevier
Inc.; 2014;54:166—79. https://doi.org/10.1016/j.molcel.2014.02.025

47. Molinari M. ER-phagy responses in yeast, plants, and mammalian cells and their crosstalk with UPR and
ERAD. Dev Cell [Internet]. Elsevier; 2021 [cited 2025 Oct 26];56:949—66.
https://doi.org/10.1016/J.DEVCEL.2021.03.005

48. Hiebert P. The Nrf2 transcription factor: A multifaceted regulator of the extracellular matrix. Matrix Biol Plus
[Internet]. Elsevier B.V.; 2021 [cited 2025 Oct 26];10:100057. https://doi.org/10.1016/J. MBPLUS.2021.100057
49. Cuadrado A, Rojo Al, Wells G, Hayes JD, Cousin SP, Rumsey WL, et al. Therapeutic targeting of the NRF2
and KEAPI partnership in chronic diseases. Nat Rev Drug Discov [Internet]. Nat Rev Drug Discov; 2019 [cited
2025 Oct 26];18:295-317. https://doi.org/10.1038/S41573-018-0008-X

50. Kroeger H, Miranda E, MacLeod I, Pérez J, Crowther DC, Marciniak SJ, et al. Endoplasmic reticulum-
associated degradation (ERAD) and autophagy cooperate to degrade polymerogenic mutant serpins. Journal of
Biological Chemistry. 2009;284:22793-802. https://doi.org/10.1074/jbc.M109.027102

51. Kandel R, Jung J, Neal S. Proteotoxic stress and the ubiquitin proteasome system. Semin Cell Dev Biol
[Internet]. Elsevier Ltd; 2023 [cited 2025 Oct 27];156:107. https://doi.org/10.1016/J.SEMCDB.2023.08.002

52. Nam T, Han JH, Devkota S, Lee HW. Emerging paradigm of crosstalk between autophagy and the ubiquitin-
proteasome system. Mol Cells. 2017;40:897-905. https://doi.org/10.14348/molcells.2017.0226

53.LiY, Li S, Wu H. Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein Degradation
Machineries in Response to Cell Stress. Cells 2022, Vol 11, Page 851 [Internet]. Multidisciplinary Digital
Publishing Institute; 2022 [cited 2025 Oct 27];11:851. https://doi.org/10.3390/CELLS11050851

54. Kim SJ, Lee WJ, Cho KJ. P62 links the autophagy pathway and the ubiquitin—proteasome system in
endothelial cells during atherosclerosis. Int J Mol Sci [Internet]. MDPI; 2021 [cited 2025 Oct 27];22:7791.
https://doi.org/10.3390/1JMS22157791/S1

55. Passaro E, Papulino C, Chianese U, Toraldo A, Congi R, Del Gaudio N, et al. HDAC6 Inhibition
Extinguishes Autophagy in Cancer: Recent Insights. Cancers (Basel) [Internet]. MDPI; 2021 [cited 2025 Oct
271;13:6280. https://doi.org/10.3390/CANCERS 13246280

56. Tomar D, Singh R, Singh AK, Pandya CD, Singh R. TRIM13 regulates ER stress induced autophagy and
clonogenic ability of the cells. Biochim Biophys Acta Mol Cell Res. Elsevier B.V.; 2012;1823:316-26.
https://doi.org/10.1016/j.bbamcr.2011.11.015

57. Kumar A V., Mills J, Lapierre LR. Selective Autophagy Receptor p62/SQSTM1, a Pivotal Player in Stress
and Aging. Front Cell Dev Biol [Internet]. Frontiers Media S.A.; 2022 [cited 2025 Oct 27];10:793328.
https://doi.org/10.3389/FCELL.2022.793328/FULL

58. Lee H, Ahn HH, Lee WJ, Oh Y, Choi H, Shim SM, et al. ENC1 Modulates the Aggregation and
Neurotoxicity of Mutant Huntingtin Through p62 Under ER Stress. Mol Neurobiol. 2016;53:6620—34.
https://doi.org/10.1007/s12035-015-9557-8

59. Carretero-Fernandez M, Cabrera-Serrano AJ, Sanchez-Maldonado JM, Ruiz-Duran L, Jiménez-Romera F,
Garcia-Verdejo FJ, et al. Autophagy and oxidative stress in solid tumors: Mechanisms and therapeutic

Genetics and Molecular Research 25 (7s): 2026

18



opportunities. Crit Rev Oncol Hematol [Internet]. Elsevier; 2025 [cited 2025 Oct 27];212:104820.
https://doi.org/10.1016/J.CRITREVONC.2025.104820

60. Wang W, Kang J, Li H, SuJ, Wu J, Xu Y, et al. Regulation of endoplasmic reticulum stress in rat cortex by
p62/Z1P through the Keapl-Nrf2-ARE signalling pathway after transient focal cerebral ischaemia. Brain Inj.
2013;27:924-33. https://doi.org/10.3109/02699052.2013.793397

61. Ariafar S, Oftadeh Harsin A, Fadaiie A, Mahboobian MM, Mohammadi M. Toxicity effects of mycotoxins
and autophagy: a mechanistic view. Toxin Rev [Internet]. Taylor & Francis; 2021 [cited 2025 Oct 27];40:506—
16. https://doi.org/10.1080/15569543.2019.1711416

62. Liu J, Liu Q, Han J, Feng J, Guo T, Li Z, et al. N-Acetylcysteine Inhibits Patulin-Induced Apoptosis by
Affecting ROS-Mediated Oxidative Damage Pathway. Toxins 2021, Vol 13, Page 595 [Internet].
Multidisciplinary Digital Publishing Institute; 2021 [cited 2025 Oct 27];13:595.
https://doi.org/10.3390/TOXINS13090595

63. Guo X, Dong Y, Yin S, Zhao C, Huo Y, Fan L, et al. Patulin induces pro-survival functions via autophagy
inhibition and p62 accumulation. Cell Death Dis. 2013;4:1-10. https://doi.org/10.1038/cddis.2013.349

64. Panwar V, Singh A, Bhatt M, Tonk RK, Azizov S, Raza AS, et al. Multifaceted role of mTOR (mammalian
target of rapamycin) signaling pathway in human health and disease. Signal Transduct Target Ther [Internet].
Springer Nature; 2023 [cited 2025 Oct 27];8:1-25. https://doi.org/10.1038/S41392-023-01608-Z;SUBJMETA
65. Appenzeller-Herzog C, Hall MN. Bidirectional crosstalk between endoplasmic reticulum stress and mTOR
signaling. Trends Cell Biol. 2012;22:274—82. https://doi.org/10.1016/j.tcb.2012.02.006

66. Aronson LI, Davenport EL, Mirabella F, Morgan GJ, Davies FE. Understanding the interplay between the
proteasome pathway and autophagy in response to dual PI3K/mTOR inhibition in myeloma cells is essential for
their effective clinical application. Leukemia. 2013;27:2397-403. https://doi.org/10.1038/leu.2013.150

67. Qin L, Wang Z, Tao L, Wang Y. ER stress negatively regulates AKT/TSC/mTOR pathway to enhance
autophagy. Autophagy. 2010;6:239—47. https://doi.org/10.4161/auto.6.2.11062

68. Jiang M, Zhang K, Zhang Z, Zeng X, Huang Z, Qin P, et al. PI3K/AKT/mTOR Axis in Cancer: From
Pathogenesis to Treatment. MedComm (Beijing) [Internet]. John Wiley and Sons Inc; 2025 [cited 2025 Oct
271;6:€70295. https://doi.org/10.1002/MC02.70295

69. Peng Y, Wang Y, Zhou C, Mei W, Zeng C. PI3K/Akt/mTOR Pathway and Its Role in Cancer Therapeutics:
Are We Making Headway? Front Oncol [Internet]. Frontiers Media S.A.; 2022 [cited 2025 Oct 27];12:819128.
https://doi.org/10.3389/FONC.2022.819128

70. Kim YC, Guan KL. mTOR: a pharmacologic target for autophagy regulation. J Clin Invest [Internet].
American Society for Clinical Investigation; 2015 [cited 2025 Oct 27];125:25. https://doi.org/10.1172/JC173939
71. Stevens SA, Gonzalez Aguiar MK, Toro AL, Yerlikaya EI, Sunilkumar S, VanCleave AM, et al. PERK/ATF4-
dependent expression of the stress response protein REDD1 promotes proinflammatory cytokine expression in
the heart of obese mice. Am J Physiol Endocrinol Metab [Internet]. Am J Physiol Endocrinol Metab; 2023 [cited
2025 Oct 27];324:E62—72. https://doi.org/10.1152/AJPENDO.00238.2022

72. Nguyen TN, Padman BS, Zellner S, Khuu G, Uoselis L, Lam WK, et al. ATG4 family proteins drive
phagophore growth independently of the LC3/GABARAP lipidation system. Mol Cell [Internet]. Cell Press; 2021
[cited 2025 Oct 27];81:2013-2030.€9. https://doi.org/10.1016/j.molcel.2021.03.001

73. Tang Z, Chen H, Zhong D, Wei W, Liu L, Duan Q, et al. TRIB3 facilitates glioblastoma progression via
restraining autophagy. Aging (Albany NY) [Internet]. Impact Journals LLC; 2020 [cited 2025 Oct 28];12:25020.
https://doi.org/10.18632/AGING.103969

74. Cheng X, Liu H, Jiang CC, Fang L, Chen C, Zhang XD, et al. Connecting endoplasmic reticulum stress to
autophagy through IRE1/JNK/beclin-1 in breast cancer cells. Int J Mol Med. 2014;34:772-81.
https://doi.org/10.3892/ijmm.2014.1822

75. Akanji MA, Rotimi D, Adeyemi OS. Hypoxia-Inducible Factors as an Alternative Source of Treatment
Strategy for Cancer. Oxid Med Cell Longev [Internet]. Hindawi Limited; 2019 [cited 2025 Oct 30];2019:8547846.
https://doi.org/10.1155/2019/8547846

76. Mukherjee R, Vanaja KG, Boyer JA, Gadal S, Solomon H, Chandarlapaty S, et al. Regulation of PTEN
translation by PI3K signaling maintains pathway homeostasis. Mol Cell [Internet]. Cell Press; 2021 [cited 2025
Oct 30];81:708-723.¢5. https://doi.org/10.1016/j.molcel.2021.01.033

77. Batie M, Fasanya T, Kenneth NS, Rocha S. Oxygen-regulated post-translation modifications as master
signalling pathway in cells. EMBO Rep [Internet]. EMBO Rep; 2023 [cited 2025 Oct 30];24.
https://doi.org/10.15252/EMBR.202357849

78. Chen X, Cubillos-Ruiz JR. Endoplasmic reticulum stress signals in the tumour and its microenvironment. Nat
Rev Cancer [Internet]. Nat Rev Cancer; 2021 [cited 2025 Oct 30];21:71-88. https://doi.org/10.1038/S41568-020-
00312-2

79. Akman M, Belisario DC, Salaroglio IC, Kopecka J, Donadelli M, De Smaele E, et al. Hypoxia, endoplasmic
reticulum stress and chemoresistance: dangerous liaisons. Journal of Experimental & Clinical Cancer Research

Genetics and Molecular Research 25 (7s): 2026

19



2021 40:1 [Internet]. BioMed Central; 2021 [cited 2025 Oct 30];40:1-17. https://doi.org/10.1186/S13046-020-
01824-3

80. Dominguez-Bautista JA, Klinkenberg M, Brehm N, Subramaniam M, Kern B, Roeper J, et al. Loss of
lysosome-associated membrane protein 3 (LAMP3) enhances cellular vulnerability against proteasomal
inhibition. Eur J Cell Biol. Elsevier GmbH.; 2015;94:148—61. https://doi.org/10.1016/j.ejcb.2015.01.003

81. Divé I, Klann K, Michaelis JB, Heinzen D, Steinbach JP, Miinch C, et al. Inhibition of mTOR signaling
protects human glioma cells from hypoxia-induced cell death in an autophagy-independent manner. Cell Death
Discovery 2022 8:1 [Internet]. Nature Publishing Group; 2022 [cited 2025 Oct 30];8:1-8.
https://doi.org/10.1038/s41420-022-01195-y

82. Abou Khouzam R, Zaarour RF, Brodaczewska K, Azakir B, Venkatesh GH, Thiery J, et al. The Effect of
Hypoxia and Hypoxia-Associated Pathways in the Regulation of Antitumor Response: Friends or Foes? Front
Immunol [Internet]. Frontiers Media S.A.; 2022 [cited 2025 Oct 30];13:828875.
https://doi.org/10.3389/FIMMU.2022.828875

83. Jang SK, Hong SE, Lee DH, Kim JY, Kim JY, Ye SK, et al. Inhibition of mMTORC1 through ATF4-induced
REDDI1 and Sestrin2 expression by Metformin. BMC Cancer [Internet]. BMC Cancer; 2021 [cited 2025 Oct
30];21. https://doi.org/10.1186/S12885-021-08346-X

84. Sharma A, Anand SK, Singh N, Dwivedi UN, Kakkar P. AMP-activated protein kinase: An energy sensor and
survival mechanism in the reinstatement of metabolic homeostasis. Exp Cell Res [Internet]. Academic Press; 2023
[cited 2025 Oct 31];428:113614. https://doi.org/10.1016/J.YEXCR.2023.113614

85. Jitca G. The role of AMPK activation in metabolic regulation, energy homeostasis and aging: A
comprehensive overview. INNOSC Theranostics and Pharmacological Sciences 2025, 8(2), 1-15 [Internet].
AccScience Publishing; 2024 [cited 2025 Oct 31];8:1-15. https://doi.org/10.36922/ITPS.4852

86. Li T ting, Zhu H bin. LKB1 and cancer: The dual role of metabolic regulation. Biomedicine &
Pharmacotherapy [Internet]. Elsevier Masson; 2020 [cited 2025 Oct 31];132:110872.
https://doi.org/10.1016/J.BIOPHA.2020.110872

87. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, et al. AMPK
Phosphorylation of Raptor Mediates a Metabolic Checkpoint. Mol Cell. 2008;30:214-26.
https://doi.org/10.1016/j.molcel.2008.03.003

88. Sophie Mokas JRM, Cristina Garreau M-J, Fournier ‘e, Robert F, Arya P, Kaufman RJ, et al. Uncoupling
Stress Granule Assembly and Translation Initiation Inhibition. Mol Biol Cell. 2009;20:2673-83.
https://doi.org/10.1091/mbc.E08

89. Mandic M, Paunovic V, Vucicevic L, Kosic M, Mijatovic S, Trajkovic V, et al. No energy, no autophagy—
Mechanisms and therapeutic implications of autophagic response energy requirements. J Cell Physiol [Internet].
John Wiley and Sons Inc; 2024 [cited 2025 Oct 31];239:e31366.
https://doi.org/10.1002/JCP.31366;REQUESTEDJOURNAL:JOURNAL:10974652;JOURNAL:JOURNAL:155
30809;WGROUP:STRING:PUBLICATION

90. Lee JW, Park S, Takahashi Y, Wang HG. The association of AMPK with ULK1 regulates autophagy. PLoS
One. 2010;5:1-9. https://doi.org/10.1371/journal.pone.0015394

91. Zaouali MA, Boncompagni E, Reiter RJ, Bejaoui M, Freitas I, Pantazi E, et al. AMPK involvement in
endoplasmic reticulum stress and autophagy modulation after fatty liver graft preservation: A role for melatonin
and trimetazidine cocktail. J Pineal Res. 2013;55:65-78. https://doi.org/10.1111/jpi.12051

92. Kaminska D, Skrzycki M. Lipid droplets, autophagy, and ER stress as key (survival) pathways during
ischemia-reperfusion of transplanted grafts. Cell Biol Int [Internet]. John Wiley and Sons Inc; 2024 [cited 2025
Oct 311;48:253—79. https://doi.org/10.1002/CBIN.12114;WGROUP:STRING:PUBLICATION

93. Sun X, Zhang X, Zhai H, Zhang D, Ma S. Chicoric acid (CA) induces autophagy in gastric cancer through
promoting endoplasmic reticulum (ER) stress regulated by AMPK. Biomedicine and Pharmacotherapy. Elsevier;
2019;118:109144. https://doi.org/10.1016/j.biopha.2019.109144

94. Kim HJ, Jamart C, Deldicque L, An GL, Lee YH, Kim CK, et al. Endoplasmic reticulum stress markers and
ubiquitin-proteasome pathway activity in response to a 200-km run. Med Sci Sports Exerc. 2011;43:18-25.
https://doi.org/10.1249/MSS.0b013e3181e4c5d1

95. Woll KA, Van Petegem F. Calcium-release channels: structure and function of IP receptors and ryanodine
receptors. Physiol Rev. 2022;102:209—-68. https://doi.org/10.1152/physrev.00033.2020

96. Kania E, Pajak B, Orzechowski A. Calcium homeostasis and ER stress in control of autophagy in cancer cells.
Biomed Res Int. 2015;2015. https://doi.org/10.1155/2015/352794

97. Hou M, Zhang Z, Fan Z, Huang L, Wang L. The mechanisms of Ca2+ regulating autophagy and its research
progress in neurodegenerative diseases: A review. Medicine [Internet]. Lippincott Williams and Wilkins; 2024
[cited 2025 Nov 6];103:€39405. https://doi.org/10.1097/MD.0000000000039405

98. Sukumaran P, Da Conceicao VN, Sun Y, Ahamad N, Saraiva LR, Selvaraj S, et al. Calcium Signaling
Regulates Autophagy and Apoptosis. Cells 2021, Vol 10, Page 2125 [Internet]. Multidisciplinary Digital
Publishing Institute; 2021 [cited 2025 Nov 6];10:2125. https://doi.org/10.3390/CELLS10082125

Genetics and Molecular Research 25 (7s): 2026

20



99. Jia W, Pua HH, Li Q-J, He Y-W. Autophagy Regulates Endoplasmic Reticulum Homeostasis and Calcium
Mobilization in T Lymphocytes. The Journal of Immunology. 2011;186:1564—74.
https://doi.org/10.4049/jimmunol. 1001822

100. Singh P, Ravanan P, Talwar P. Death Associated Protein Kinase 1 (DAPK1): A Regulator of Apoptosis and
Autophagy. Front Mol Neurosci [Internet]. Frontiers Research Foundation; 2016 [cited 2025 Nov 6];9:46.
https://doi.org/10.3389/FNMOL.2016.00046

101. Kim N, Chen D, Zhou XZ, Lee TH. Death-Associated Protein Kinase 1 Phosphorylation in Neuronal Cell
Death and Neurodegenerative Disease. International Journal of Molecular Sciences 2019, Vol 20, Page 3131
[Internet]. Multidisciplinary Digital Publishing Institute; 2019 [cited 2025 Nov 6];20:3131.
https://doi.org/10.3390/1JMS20133131

102. Rotem-Dai N, Muraleedharan A, Livneh E. PKCeta Promotes Stress-Induced Autophagy and Senescence
in Breast Cancer Cells, Presenting a Target for Therapy. Pharmaceutics 2022, Vol 14, Page 1704 [Internet].
Multidisciplinary Digital Publishing Institute; 2022 [cited 2025 Nov 6];14:1704.
https://doi.org/10.3390/PHARMACEUTICS14081704

103. Madaro L, Marrocco V, Carnio S, Sandri M, Bouché M. Intracellular signaling in ER stress-induced
autophagy in skeletal muscle cells. FASEB Journal. 2013;27:1990-2000. https://doi.org/10.1096/1j.12-215475
104. Fujimoto T, Parton RG. Not just fat: The structure and function of the lipid droplet. Cold Spring Harb
Perspect Biol. 2011;3:1—17. https://doi.org/10.1101/cshperspect.a004838

105. Yang H, Liu J. Structure and function of lipid droplets. Biochemistry of Lipids, Lipoproteins and Membranes
[Internet]. Elsevier; 2021 [cited 2025 Nov 6];357-94. https://doi.org/10.1016/B978-0-12-824048-9.00006-7

106. Zhang Z, Yu Z, Liang D, Song K, Kong X, He M, et al. Roles of lipid droplets and related proteins in
metabolic diseases. Lipids in Health and Disease 2024 23:1 [Internet]. BioMed Central; 2024 [cited 2025 Nov
6];23:1-19. https://doi.org/10.1186/S12944-024-02212-Y

107. Zhifen Yang and Daniel J. Klionsky. Mammalian autophagy: core molecular machinery and signaling
regulation. Curr Opin Cell Biol. 2011;22:124-31.

108. Rajat Singh, Susmita Kaushik, Yongjun Wang, Youqing Xiang, Inna Novak, Masaaki Komatsu, Keiji Tanaka
AMC& MJC. Autophagy regulates lipid metabolism. Nature. 2009;1131-1135.

109. Singh R, Cuervo AM. Lipophagy: Connecting autophagy and lipid metabolism. Int J Cell Biol. 2012;2012.
https://doi.org/10.1155/2012/282041

110. Liu K, Czaja MJ. Regulation of lipid stores and metabolism by lipophagy. Cell Death Differ [Internet]. Nature
Publishing Group; 2013 [cited 2025 Nov 6];20:3—11. https://doi.org/10.1038/CDD.2012.63;SUBJIMETA

111. Z. B. Andrews, Z. W. Liu NW et al. UCP2 mediates ghrelin’s action on NPY/AgRP neurons by lowering
free radicals. Nature. 2008;454:846-851.

112. T. Kitamura, Y. Feng YIK et al. Forkhead protein FoxO1 mediates Agrp-dependent effects of leptin on food
intake. Nat Med. 2006;12:534-540.

113. SusmitaKaushik,Jose AntonioRodriguez-Navarro,EsperanzaArias,RobertaKiffin SISM. Autophagy in
Hypothalamic AgRP Neurons Regulates Food Intake and Energy Balance. Cell Metab. 2011;14:173-83.

114. van Dierendonck XAMH, Vrieling F, Smeehuijzen L, Deng L, Boogaard JP, Croes CA, et al. Triglyceride
breakdown from lipid droplets regulates the inflammatory response in macrophages. Proc Natl Acad Sci U S A
[Internet]. National Academy of Sciences; 2022 [cited 2025 Nov 7];119:e2114739119.
https://doi.org/10.1073/PNAS.2114739119/-/DCSUPPLEMENTAL

115. Basseri S, Austin RC. Endoplasmic reticulum stress and lipid metabolism: Mechanisms and therapeutic
potential. Biochem Res Int. 2012;2012. https://doi.org/10.1155/2012/841362

116. Narabayashi K, Ito Y, Eid N, Maemura K, Inoue T, Takeuchi T, et al. Indomethacin suppresses LAMP-2
expression and induces lipophagy and lipoapoptosis in rat enterocytes via the ER stress pathway. J Gastroenterol.
2015;50:541-54. https://doi.org/10.1007/s00535-014-0995-2

117. Zang Y, Zhang L, Igarashi K YC. The anti-obesity and anti-diabetic effects of kaempferol glycosides from
unripe soybean leaves in high-fat-diet mice. Food Funct. 2015;6:834-41.

118. Yao D, GangYi Y, QiNan W. Autophagic dysfunction of f cell dysfunction in type 2 diabetes, a double-
edged sword. Genes Dis [Internet]. Elsevier; 2021 [cited 2025 Nov 7];8:438—47.
https://doi.org/10.1016/J.GENDIS.2020.03.003

119. Han, D., Yang, B., Olson, L.K., Greenstein, A., Baek, S.-H., Claycombe, K.J. G, J.L., Yu, S.-W., Kim E-K.
Activation of autophagy through modulation of 5’-AMPactivated protein kinase protects pancreatic beta-cells
from high glucose. Biochem J. 2010;

120. Chen E, Tsai TH, Li L, Saha P, Chan L CBH. PLIN2 is a Key Regulator of the Unfolded Protein Response
and Endoplasmic Reticulum Stress Resolution in Pancreatic  Cells. Sci Rep. 2017;7.

121. Varshney R, Varshney R, Mishra R, Gupta S, Sircar D, Roy P. Kaempferol alleviates palmitic acid-induced
lipid stores, endoplasmic reticulum stress and pancreatic B-cell dysfunction through AMPK/mTOR-mediated
lipophagy. Journal of Nutritional Biochemistry. Elsevier Inc; 2018;57:212-27.
https://doi.org/10.1016/j.jnutbio.2018.02.017

Genetics and Molecular Research 25 (7s): 2026

21



Genetics and Molecular Research 25 (7s): 2026

22



