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ABSTRACT 32 

Selective autophagy of protein aggregates is necessary for maintaining the cellular proteostasis. 33 

Several regulatory proteins play critical roles in this process.  Here, we report that the huntingtin 34 

interacting protein K (HYPK) modulates the autophagic degradation of poly-neddylated huntingtin exon1 35 

aggregates. HYPK functions as a scaffolding protein that binds to the Nedd8 and LC3 proteins. The C-36 

terminal ubiquitin-associated (UBA) domain of HYPK binds to the Nedd8, whereas an N-terminal 37 

tyrosine-type (Y-type) LC3 interacting region (LIR) of HYPK binds to the LC3. Several conserved amino 38 

acids in the UBA domain of HYPK are necessary to mediate the efficient binding of HYPK to Nedd8. The 39 

autophagy inducing properties of HYPK are manifested by the increased lipidation of LC3 protein, 40 

increased expression of beclin-1 and ATG-5 proteins, and generation of puncta-like granules of LC3 in 41 

the HYPK overexpressing cells. Association of the ‘H-granules’ of HYPK with the poly-neddylated 42 

huntingtin exon1 aggregates results in the formation of autophagosome around the huntingtin exon1 43 

aggregates, thereby clearing the aggregates by aggrephagy. Poly-neddylation of huntingtin exon1 is 44 

required for its autophagic degradation by HYPK. Thus, overexpression of Nedd8 also increases the basal 45 

level of cellular autophagy, other than maintaining the autophagy flux. The poly-neddylation dependent 46 

autophagic clearance of huntingtin exon1 by HYPK leads to better cell physiology and survival. Taken 47 

together, our study describes a novel mechanism of HYPK mediated autophagy of poly-neddylated 48 

huntingtin exon1 aggregates. 49 
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INTRODUCTION 64 

The regulatory mechanisms of proteostasis maintain the quality and quantity of the cellular 65 

proteins (1). Several regulatory processes function globally to monitor the quality of nascent 66 

polypeptides or degrade the nonfunctional proteins (2). Chaperones (3), unfolded protein response (4) 67 

and post-translational modifications (5) are important components of the proteome-controlling 68 

pathways. Specialized processes and machineries are also required to cope up the stress of misfolded 69 

and aggregated proteins. These myriads of systems are robust, specific and selective in degrading 70 

different forms of proteins (6), and they play critical functions in different neurodegenerative diseases 71 

that ensue due to intra- or extra-cellular accumulation of toxic protein aggregates (7). Proteasomal 72 

pathway serves as the major mode of clearance of most of the cellular proteins (8). More intricate 73 

mechanisms, like autophagy, are also involved in recycling the aberrant forms of proteins (9). Protein 74 

aggregates can be degraded by selective macro-autophagy which is also termed as aggrephagy (10). 75 

Poly-ubiquitinated protein aggregates undergo aggrephagy by the help of different autophagic proteins, 76 

like SQSTM1, LC3, beclin-1, ATGs etc. (11). Various studies have uncovered many details of the 77 

aggrephagy process (12). As an alternative mechanism of autophagy of the toxic protein aggregates, we 78 

describe a unique mechanism of HYPK mediated aggrephagy of poly-neddylated huntingtin exon1. 79 

Post-translational modifications (PTMs) of proteins can be the marking events that direct their 80 

degradation by proteasomal or autophagy pathways (13). Attachment of ubiquitin and/or ubiquitin-like 81 

modifiers (like Nedd8, SUMO1, FAT10 etc.) to proteins are indispensable for their degradation. Although 82 

ubiquitination process and its effects are vividly studied in protein degradation pathways, few studies 83 

report that the neuronal precursor cell expressed developmentally down-regulated 8 (Nedd8) protein 84 

can also functionally complement ubiquitin in protein degradation pathway(s) (14). Nedd8 is a ubiquitin-85 

like protein which can be linked to specific substrates to form poly-neddylated proteins (15). Activation 86 

of Nedd8 is done by its C-terminal cleavage by APPBP1/ UBA3 (16). Downstream E2 and E3 ligases 87 

covalently attach the processed Nedd8 to its cognate substrate(s) (17). Poly-neddylation signals as a 88 

degradation signature of proteins in cancer (18) and in neurodegenerative disease (19). 89 

HYPK is an aggregate-sequestering protein (20). It can sequester the aggregates of huntingtin 90 

exon1, α-synuclein-A53T and superoxide dismutase 1-G93A. The annular oligomers of HYPK, termed as 91 

H-granule, are involved in sequestering the protein aggregates (20). The balance of structural 92 

convolution of HYPK oligomers arises due to complex intra- and inter-molecular interactions of the 93 

hydrophobic regions, low complexity region and disordered nanostructure of HYPK (21). HYPK also 94 

shows chaperone-like activity (22) at ribosome where it interacts with the N-acetyl transferase and 95 

eIF1A1 proteins (23). Other than its effects in proteostasis, HYPK also regulates the cell cycle by 96 

interacting with many cytoplasmic and nuclear proteins (24). In Caenorhabditis elegans, HYPK forms 97 

proteasome blocking complex (25), and it regulates the aging of the organism (26).    98 

In this study, we describe a novel scaffolding function of HYPK that helps this protein to function 99 

as an autophagy modulatory protein. The adaptor function of HYPK brings the poly-neddylated protein 100 

aggregates, such as poly-neddylated huntingtin exon1 aggregates, and LC3 together to augment the 101 

autophagosome formation around the aggregates of poly-neddylated huntingtin exon1. The UBA 102 
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domain and LIR of HYPK help in simultaneous binding of HYPK to Nedd8 and LC3. The H-granules of 103 

HYPK play key role in sequestering the poly-neddylated huntingtin exon1 aggregates during the 104 

formation of the autophagosome around the aggregates. Overexpression of HYPK and Nedd8 increases 105 

and maintains the flux of cellular autophagy. HYPK’s function in aggrephagy help in restoring the cell 106 

physiology and prevent cell death during protoetoxicity. 107 

RESULTS 108 

HYPK interacts with the Nedd8 protein by its C-terminal ubiquitin-associated domain 109 

HYPK is an aggregate-sequestering protein (20). Our earlier study had shown that the aggregate-110 

sequestering function of HYPK is linked to the facilitated degradation of the aggregation-prone proteins 111 

(20). Since HYPK is a key component of the proteostasis network, we find it tempting to understand how 112 

HYPK delivers the sequestered toxic protein aggregates to the degradation system(s).    113 

In the previous study, we had observed that the C-terminal region of HYPK was necessary for 114 

sequestering the huntingtin exon1 aggregates (20). A computational annotation had shown the 115 

existence of a putative UBA domain in the C-terminal region of HYPK. This UBA domain is well conserved 116 

in the HYPK proteins of different organisms (Supporting figure 1A). The sequence of the HYPK-UBA 117 

domain is unique, and it does not show significant sequence similarity with most of the other UBA 118 

domains of human proteins. Since UBA domains are known to bind ubiquitin and/or ubiquitin-like 119 

proteins, we were interested to find the binding partner of HYPK-UBA. In a sequence alignment-based 120 

phylogenetic analysis to cluster the similar UBA domains of human proteins, we found that the 121 

sequence of second UBA domain (UBA2) of the Nedd8 ultimate buster 1 (NUB1) protein is closest to the 122 

sequence of HYPK-UBA domain (Supporting figure 1B). NUB1 protein is known to bind to Nedd8 protein 123 

(27). NUB1 binding to Nedd8 protein regulates the delivery of poly-neddylated huntingtin aggregates to 124 

the proteasome (28). Given the sequence similarity of HYPK-UBA and NUB1-UBA2, we tested if Nedd8 is 125 

an interacting partner of HYPK-UBA. We found that HYPK could strongly bind to the Nedd8 by its UBA 126 

domain. Immunoprecipitation of Nedd8 from IMR-32 cell lysate in non-denaturing condition, followed 127 

by immunoblotting experiments showed that both HYPK and HYPK-UBA could be pulled-down with 128 

enriched Nedd8 (Figure 1A). A reciprocal immunoprecipitation of HYPK from IMR-32 cell extract, 129 

followed by immunoblotting for Nedd8 and HYPK was also done to test which form of Nedd8 binds to 130 

HYPK. The whole Nedd8 immunoblot profile showed that HYPK could interact with monomeric Nedd8, 131 

as well as the Nedd8 of poly-neddylation chain (Figure 1A). Immunoprecipitation of Nedd8 or HYPK in 132 

non-denaturing condition could indicate that HYPK and HYPK-UBA were either bound to Nedd8 or they 133 

were neddylated. We observed that HYPK and HYPK-UBA signals disappeared in denaturing (with 1% 134 

SDS) immunoprecipitation of Nedd8 (data not shown), indicating that HYPK and HYPK-UBA were not 135 

neddylated, but they were bound to Nedd8. Confocal microscopy images also confirmed the significantly 136 

high colocalization of HYPK and HYPK-UBA with the Nedd8 protein in IMR-32 cells (Figure 1B).  137 

We identified the critical residues of the HYPK-UBA domain that were required for strong and 138 

efficient binding of HYPK to Nedd8 protein. Sequence alignment of the UBA domain of the HYPK 139 

proteins of different organisms showed four conserved amino acids: aspartate-94 (D94), glutamate-101 140 

(E101), leucine-113 (L113) and glycine-118 (G118) [residue positions were numbered according to the 141 
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human HYPK protein isoform-1; NCBI accession number: NP_057484.3] (Supporting figure 1A). We 142 

generated different mutants of HYPK-UBA in which the conserved residues were either mutated or 143 

deleted (Figure 1C). In the HYPK-UBA D94A, E101A construct, the D94 and E101 residues were mutated 144 

to alanine. The L113 and G118 residues were deleted in the HYPK-UBA ΔL113, ΔG118 mutant. In the 145 

surface plasmon resonance (SPR)-based protein-protein interaction study, both the mutants showed 146 

lower binding affinity for Nedd8 compared to the wild type HYPK-UBA (Figure 1D). This indicated that 147 

the four conserved residues of HYPK-UBA were necessary, but not sufficient, for HYPK-UBA interaction 148 

with Nedd8. While the conserved amino acids in HYPK-UBA might be critical for HYPK binding to the 149 

Nedd8 protein, the neighboring residues might provide additional support to this interaction. We also 150 

observed that the full-length HYPK had lower binding affinity for Nedd8 than its UBA domain (Figure 151 

1D). We understand that the partially reduced affinity of HYPK for Nedd8 was due to the interference of 152 

HYPK's N-terminus in the interaction. We had previously shown that the N-terminus of HYPK was a 153 

disordered nanostructure (21). It could bend towards the C-terminus and interact with the C-terminal 154 

low complexity region (LCR) of HYPK (21). Such an interaction could lower the affinity of UBA of full-155 

length HYPK for Nedd8. 156 

HYPK binds to LC3 by its tyrosine-type LC3 interacting region 157 

In the next section of our study, we endeavored to find more clues on HYPK interactions that 158 

could modulate the degradation of aggregation-prone proteins. The HYPK sequence contains a 159 

conserved tyrosine residue (Y49 residue in human HYPK protein) in its N-terminal region (Figure 2A). 160 

Since many proteins are reported to contain tyrosine-type (Y-type) LC3 interacting region (LIR), we 161 

tested if the conserved tyrosine of HYPK was also a part of Y-type LIR. Sequence alignment of the HYPK-162 

LIR with the Y-type LIRs of other LC3 interacting proteins showed that the HYPK’s Y49 was conserved 163 

with the tyrosine residues of other LC3 interacting proteins (Figure 2A).  164 

Protein-protein interaction studies by non-denaturing immunoprecipitation of HYPK from IMR-165 

32 cell lysate, followed by immunoblotting experiments had shown that LC3 was an interacting partner 166 

of HYPK (Figure 2B). This observation was corroborated by the findings of a recent study that also 167 

reported HYPK interaction with LC3 (29). In order to probe the region and residue(s) of HYPK that could 168 

mediate its interaction with LC3, we made several deletion mutant constructs of HYPK (Figure 2C). The 169 

HYPK-N60 and HYPK-C69 constructs contained the N-terminal sixty amino acids (including the putative 170 

Y-type LIR) and C-terminal sixty-nine amino acids respectively. The HYPK-Δ
48

DYA
50

 was a deletion mutant 171 

construct in which the 48
th

-50
th

 residues (DYA) were deleted in the full-length HYPK. Using isothermal 172 

titration calorimetry (ITC)-based experiments, we showed that the full length HYPK and HYPK-N60 were 173 

able to bind to the LC3 protein (Figure 2D). On the contrary, the HYPK-C69 and HYPK-Δ
48

DYA
50

 did not 174 

bind to LC3 (Figure 2D). This validated the fact that the N-terminal Y49 was the critical residue for HYPK 175 

interaction with LC3. Since the LIR motif of HYPK lacks the conserved hydrophobic residues (leucine, 176 

valine or isoleucine) and has instead glutamic acid at this position, it is possible that the HYPK-LIR binds 177 

to LC3 in a non-canonical way. To confirm that HYPK and its LIR definitely binds to LC3, we conducted 178 

protein-protein interaction studies by pull-down assays using recombinant proteins. We coexpressed 179 

recombinant 6xHistidine tagged HYPK/ HYPK-N60/ HYPK-C69/ HYPK-Δ
48

DYA
50

 and untagged LC3 in 180 

BL21DE3 strain of Escherichia coli by using pETDuet-1 vector (pETDuet-1 vector allows simultaneous 181 
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coexpression of two recombinant proteins in T7 promoter expression system). While nickel-NTA affinity-182 

based column chromatographic purification of HYPK and HYPK-N60 showed the copurification of LC3, 183 

purification of HYPK-C69 and HYPK-Δ
48

DYA
50

 did not copurify LC3 (Supporting figure 2A). We also traced 184 

the colocalization of HYPK, HYPK-N60, HYPK-C69 and HYPK-Δ
48

DYA
50

 with LC3 protein in IMR-32 cells. 185 

HYPK and HYPK-N60, but not the HYPK-C69 and HYPK-Δ
48

DYA
50

, showed significantly high colocalization 186 

with LC3 (Figure 2E, 2F). These results verified the fact that HYPK interacts with LC3 by its Y-type LIR. 187 

However, it remains to be understood if the HYPK-LIR interacts with the LDS of LC3. 188 

We tested if HYPK binds to all or only a subset of the human LC3 homologues (LC3A, LC3B, 189 

GABARAP, GABARAPL1 and GABARAPL2). pETDuet-1 mediated bacterial coexpression of untagged HYPK 190 

with 6xHistidine tagged LC3A/ LC3B/ GABARAP/ GABARAPL1/ GABARAPL2 revealed that HYPK could 191 

copurify with all the homologues of LC3 (Supporting figure 2B), suggesting that HYPK can globally 192 

interact with different LC3-like proteins. 193 

HYPK induces autophagy 194 

Having found that HYPK could interact with LC3 and Nedd8, the next relevant question was to 195 

find if HYPK had any function in modulating the autophagy process. Our results indicated that HYPK 196 

could induce and maintain the autophagy flux in human IMR-32 cells. Overexpression of HYPK was 197 

observed to induce autophagy-related events, like enhancing the conversion of LC3 protein from state-I 198 

to state-II and upregulated expression of autophagic proteins beclin-1, ATG-5 etc. (Figure 3A). To 199 

understand if HYPK expression was also involved in maintaining the autophagy flux, we conducted time-200 

chase experiments to monitor the cellular levels of LC3-II, beclin-1 and ATG-5 during overexpression of 201 

HYPK. We found that HYPK maintained the steady-state temporal flux of autophagy by continuously 202 

stimulating the lipidation of LC3-I and increasing the expression of beclin-1 and ATG-5 (Figure 3A). 203 

Opposingly, when cellular expression of HYPK was knocked-down by HYPK specific shRNA (HYPK-shRNA), 204 

the basal level of LC3-I conversion to LC3-II was reduced (Figure 3B). In IMR-32 cells, endogenous HYPK 205 

also showed significantly high colocalization with beclin-1, but not with the 26S proteasomal protein 206 

PSMD8 (Figure 3C). HYPK increased the formation of puncta-like LC3-containing structures in the cells. 207 

Using the fluorescence and transmission electron microscopy, we identified higher number of LC3 208 

puncta and autophagosomes in the cells that overexpressed HYPK. HYPK-EGFP showed good 209 

colocalization with LC3-mCherry puncta (Figure 3D). While it was evident that the count of autophagy 210 

vacuoles (AV) were higher in HYPK overexpressing cells, it was also observed that HYPK enhanced the 211 

fusion of autophagosome-enclosed substrate(s), like huntingtin-exon1 aggregate, with lysosomes to 212 

form autolysosomes (AL) (Figure 3E). 213 

HYPK’s function in autophagy was Nedd8 dependent. When Nedd8 was depleted from the cells 214 

by Nedd8 specific shRNA (Nedd8-shRNA), HYPK’s capacity of inducing the autophagy process was 215 

compromised (Figure 3F). Lower level of cellular Nedd8 decreased the conversion of LC3-I to LC3-II and 216 

decreased ATG-5 expression, even in a condition that showed overexpression of HYPK. 217 

We further studied the simultaneous colocalization of HYPK and its domains with Nedd8 and 218 

different autophagy-related proteins. HYPK and Nedd8 proteins showed significantly high colocalization 219 
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with LC3 and ATG-5 proteins in IMR-32 cells (Figure 4A, 4C). Colocalization of Nedd8, HYPK and LC3/ 220 

ATG-5 implied that HYPK could act on the poly-neddylated proteins during autophagy. The UBA domain 221 

of HYPK colocalized with the Nedd8, but not with the LC3 protein (Figure 4B upper panel, 4C). On the 222 

contrary, the N-terminal region of HYPK (HYPK-N84 that contained the LIR) colocalized with LC3 (Figure 223 

4B lower panel, 4C). HYPK-N84 did not coassociate with Nedd8 (Figure 4B lower panel). These results 224 

showed that the full-length HYPK protein functions as a tethering protein that link the poly-neddylated 225 

proteins to autophagic proteins. Neither of the HYPK’s domains could individually augment the 226 

autophagy process. This is due to the lack of abilities of HYPK-UBA or HYPK-LIR to simultaneously hold 227 

the Nedd8 and LC3 proteins. 228 

HYPK augments the aggrephagy of poly-neddylated huntingtin exon1 aggregates 229 

We identified huntingtin exon1 as the substrates of HYPK mediated autophagic degradation. We 230 

followed the degradation of aggregation-prone huntingtin exon1 (Htt97Qexon1) in varying conditions 231 

that blocked the proteasomal and/or autophagic degradation of proteins. Degradation of Htt97Qexon1 232 

by HYPK continued even in MG132 mediated proteasome inhibited condition (Figure 5A). However, 233 

treatment of the cells with autophagy inhibitor (chloroquine) had shown reduction in HYPK’s capacity of 234 

degrading Htt97Qexon1 (Figure 5A), indicating that HYPK functions in the autophagic clearance of 235 

Htt97Qexon1. We validated HYPK’s role in autophagic degradation of Htt97Qexon1 by knocking-down 236 

ATG-5. Knock-down of cellular mRNAs of ATG-5 by ATG-5 specific shRNA (ATG-5-shRNA) led to HYPK’s 237 

incapability of degrading Htt97Qexon1 (Figure 5B). 238 

Autophagic proteins, like LC3, ATG-5, ATG-12 etc., were seen to be deposited around the HYPK-239 

poly-neddylated Htt97Qexon1 aggregates (Figure 5C, 5D). We had previously reported that the annular-240 

shaped structures of HYPK, termed as H-granule, were necessary for sequestering the huntingtin exon1 241 

aggregates (20). We reasoned that the H-granules were associated with the delivery of Htt97Qexon1 242 

aggregates to autophagosomes. We observed the existence of small puncta-like HYPK granules (i.e. the 243 

H-granules) beside the poly-neddylated Htt97Qexon1 aggregates (Figure 5D). Such findings prove that 244 

the sequestration of poly-neddylated huntingtin exon1 aggregates by the H-granules of HYPK acted as 245 

the initiating event of formation of autophagosome around the poly-neddylated Htt97Qexon1 246 

aggregates. We understood that the HYPK-UBA was bound to the Nedd8 moieties of the poly-247 

neddylation chains that were linked to the Htt97Qexon1 protein. The HYPK-LIR attracted the LC3 to the 248 

aggresomes. Thus, the scaffolding function of HYPK for Nedd8 and LC3 was necessary for the beginning 249 

of formation of autophagosome around the huntingtin exon1 aggregates. 250 

We made efforts to in vitro reconstitute the multi-subunit structure of the H-granule-251 

sequestered poly-neddylated Htt97Qexon1 in presence of LC3. The reconstitution of the complex was 252 

done by purified (>98% pure) recombinant proteins of Htt97Qexon1, HYPK, Nedd8, and LC3. At first, 253 

Nedd8 was cross-linked to Htt97Qexon1 by the DSS cross-linking method, followed by incubation of the 254 

cross-linked adduct with equimolar mixture of HYPK and LC3. The scanning electron micrographs 255 

showed that the H-granules of HYPK sequestered the neddylated Htt97Qexon1 aggregates (Figure 5E). 256 

The ternary complex of neddylated-Htt97Qexon1/ HYPK/ LC3 was spherical structure which was 257 

conducive for the generation of autophagosome initiation complex (Figure 5E). 258 
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Poly-neddylated proteins undergo autophagic degradation 259 

The delivery of poly-neddylated huntingtin exon1 aggregates to autophagosome raised the 260 

question if poly-neddylated proteins are in general subjected to autophagic degradation. Ectopic 261 

overexpression of Nedd8 showed an enhancement of the basal level of cellular autophagy. Conversion 262 

of LC3-I to LC3-II and higher levels of beclin-1 and ATG-5 were observed to be associated with the 263 

overexpression of Nedd8 in IMR-32 cells (Figure 6A). Like HYPK, Nedd8 also maintained the autophagy 264 

flux which was observable by time-dependent increase in cellular levels of beclin-1 and ATG-5 and 265 

conversion of LC3-I to LC3-II during higher expression of Nedd8 (Figure 6A). The number of LC3 puncta 266 

was significantly higher in the Nedd8 overexpressing cells than the control cells (Figure 6B).  267 

The exon1 of huntingtin protein undergoes poly-neddylation, and the poly-neddylated 268 

huntingtin exon1 can be a substrate of autophagic degradation. We noticed that the huntingtin exon1 269 

was poly-neddylated in the overexpressed and in the endogenous expression of Nedd8 (Figure 7A). 270 

Huntingtin exon1 formed high molecular weight complexes that resembled the Nedd8 conjugated 271 

structures of the protein. The immunoprecipitation steps in this, and in following experiments, were 272 

carried out in the denaturing condition (in presence of 1% SDS) to purify only the neddylated huntingtin 273 

exon1, and not any Nedd8 that could non-covalently associate with the huntingtin exon1. Neddylation 274 

of huntingtin exon1 aggregates in IMR-32 cells was also apparent from the observation that showed 275 

higher amount of Nedd8 deposition with the Htt97Qexon1 aggregates (Figure 7B). Nedd8 deposition 276 

with Htt97Qexon1 aggregates was more specific, and not just trapping of Nedd8 with the sticky 277 

huntingtin exon1 aggregates. It was evident that Nedd8 deposited with Htt97Qexon1 aggregates, but a 278 

nonspecific protein, like blue fluorescent protein (BFP), was not deposited with the aggregates (Figure 279 

7B). 280 

The huntingtin exon1 could be, in theory, subjected to three different types of neddylation: 281 

mononeddylation, poly-neddylation and multi-mononeddylation. To understand which kind of 282 

neddylation occurred to Htt97Qexon1, we generated a Nedd8 mutant construct in which all the lysine 283 

residues of Nedd8 were mutated to arginine (Nedd8-allR) (Supporting figure 3A). This Nedd8-allR 284 

mutant cannot be linked to another Nedd8-allR molecule through lysine-linkage, thereby preventing the 285 

formation of poly-neddylated chains consisting of Nedd8-allR. However, Nedd8-allR can be conjugated 286 

to proteins to form mononeddylated and/or multi-mononeddylated substrates. Coexpression of 287 

Htt97Qexon1 with Nedd8 or Nedd8-allR showed that high molecular weight Nedd8 conjugated 288 

complexes of Htt97Qexon1 formed only in presence of Nedd8 (Supporting figure 3A). Nedd8-allR 289 

conjugation resulted in mononeddylated Htt97Qexon1, but not the poly-neddylation or multi-290 

mononeddylation of Htt97Qexon1.  This result determined that Htt97Qexon1 was poly-neddylated, and 291 

not multi-mononeddylated.  292 

Overexpression of Nedd8 induces the formation of protein-conjugated Nedd8 chains that are 293 

mixed with ubiquitin. This event though does not depend on the Nedd8-activating enzyme (NAE1) but 294 

rather Nedd8 is activated by the ubiquitin-activating enzyme (UBA1). We clarified the homogeneous 295 

poly-neddylation of Htt97Qexon1 by use of NAE1 and UBA1 inhibitors. Treatment of the Htt97Qexon1 296 

expressing IMR-32 cells with NAE1 inhibitor, MLN4924, had decreased the poly-neddylation of the 297 
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protein (Supporting figure 3B). However, application of UAE1 inhibitor, MLN7243, to the cells had no 298 

effects in the poly-neddylation of huntingtin exon1 (Supporting figure 3B).   299 

Neddylation of huntingtin exon1 had direct effects on its degradation.  Overexpression of Nedd8 300 

was associated with facilitated degradation of huntingtin exon1 (Figure 7A). Proteins are redundantly 301 

degraded by proteasomal and autophagy pathways. We found that poly-neddylated proteins can be 302 

degraded by autophagy. Inhibition of the 26S proteasome (by MG132) or preventing the fusion of 303 

autophagosome and lysosome (by chloroquine) had partially, but not completely, prevented the Nedd8 304 

mediated degradation of Htt97Qexon1 (Figure 7C). Inhibition of both the proteasomal and autophagy 305 

pathways had caused the complete blockade of Htt97Qexon1 degradation (Figure 7C). Since Nedd8 306 

could enhance the degradation of Htt97Qexon1 even in presence of MG132, we understood that Nedd8 307 

had regulatory functions in the autophagic degradation of proteins. When cellular ATG-5 level was 308 

lowered by ATG-5 specific shRNA (ATG-5-shRNA) in different Nedd8 expressing and MG132 treated 309 

conditions, we noted that Nedd8 could not enhance the degradation of Htt97Qexon1 in the ATG-5 310 

knocked-down condition (Figure 7D). Overall, these observations proved that Nedd8 is an autophagy 311 

modulating protein and poly-neddylation serves as a signal of canonical autophagic degradation of 312 

proteins. 313 

HYPK helps in cell survival during proteotoxic stress 314 

We investigated if HYPK had positive effects in cell survival and cell physiology during the 315 

proteotoxic stress. HYPK showed aiding functions in maintenance of normal cell physiology, even in 316 

presence of toxic huntingtin exon1 aggregates. Huntingtin aggregates were reported to cause 317 

proteotoxic stress in mouse neuroblastoma cell (Neuro2a), leading to decreased neurite formation in 318 

those cells (30). Overexpression of HYPK reduced the proteotoxic stress of Htt97Qexon1 aggregates and 319 

reinitiated the normal neurite formation in Neuro2a cells (Figure 8A). 320 

HYPK also helps in survival of cells during the presence of proteotoxicity. Expression of 321 

Htt97Qexon1 has lethal effects in terms of perturbing the cell cycle and causing death of IMR-32 cells. 322 

Other than reducing the death, overexpression of HYPK also restored the normal cell cycle of 323 

Htt97Qexon1 expressing IMR-32 cells (Figure 8B). We speculate that the HYPK mediated autophagic 324 

degradation of poly-neddylated Htt97Qexon1 aggregates is responsible for the better cell survival.  325 

Information derived from gene expression omnibus (GEO) showed that the HYPK expression was 326 

not significantly changed in different neurodegenerative disorders/ brain related diseases and in cellular 327 

stresses (Figure 8C, Supporting table 1, 2). This makes HYPK a potential target that can be modulated to 328 

deal with the protein aggregate in neurodegenerative diseases. Many of the HYPK interacting proteins 329 

contain one or more aggregation-prone regions (Figure 8D). We hypothesize that HYPK interaction with 330 

them was a part of cellular surveillance system that monitor cellular proteostasis. 331 

Finally, the relevance of protein neddylation in Huntington’s disease (HD) can be interpreted by 332 

following some of the previous studies (31, 32, 33). The GEO profiles of Huntington’s disease (Q111) 333 

knock-in model in mouse embryonic stem cells (GEO: GDS4533) (31) and striatum (GEO: GDS4534) (32) 334 

showed that the expression of Nedd8 transcript was significantly less in HD mice than control mice 335 
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(Figure 8E). The expression of NUB1 was also significantly decreased in 27 weeks aged HD transgenic 336 

mice (GEO: GDS2912) (32) compared to normal mice (Figure 8E). However, the expression of the Nedd8 337 

activating enzyme (NAE1) did not alter significantly in HD compared to normal mice (GEO: 338 

GDS2912) (33) (Figure 8E). These results indicate that the delivery of neddylated proteins to proteasome 339 

could be compromised in HD. Under such circumstances, delivery of poly-neddylated huntingtin 340 

aggregates to autophagosome is more desirable and function of HYPK remains important.  341 

DISCUSSION 342 

The term proteostasis defines a conglomerate of processes that regulate the quality and 343 

quantity of cellular proteome. The proteostatic processes perform the critical functions in folding, 344 

oligomerization, post-translational modifications and degradation of proteins. While proteasomal 345 

degradation of abnormally folded and non-functional proteins is a global process, autophagy is more 346 

regulated, and it is tailored to clear the more specialized substrates like protein aggregates. Aggrephagy 347 

is specific form of autophagy that degrades the protein aggregates. The mechanism of aggrephagy 348 

exploits the delivery of lysine-63 linked poly-ubiquitinated protein aggregates to autophagosome by the 349 

help of different autophagic proteins. Given the complexity of the autophagy process, it is reasonable to 350 

contemplate that autophagy can be initiated by the intriguing activity of different regulatory proteins 351 

and mechanisms. We have characterized HYPK as an autophagy inducing protein. HYPK acts as a 352 

scaffolding protein that binds to the Nedd8 of poly-neddylated proteins and LC3 during its modulatory 353 

function in aggrephagy.  354 

HYPK binds to the Nedd8 by its C-terminal UBA domain. UBA domains are known to bind the 355 

ubiquitin or ubiquitin-like proteins that regulate protein degradation, DNA repair, transcription etc. (34). 356 

Owing to the unique distribution of amino acids in its sequence, HYPK-UBA has very less sequence 357 

similarity with other UBA domains of human proteins, except the second UBA domain of NUB1 protein. 358 

The HYPK-UBA is composed of charge-rich region and hydrophobic patches. The conserved charged 359 

(D94, E101) and hydrophobic (L113, G118) residues of HYPK-UBA help this domain to strongly bind to 360 

the Nedd8. Though these residues are necessary, they are not sufficient for mediating the binding of 361 

HYPK-UBA to Nedd8. The neighboring residues are hypothesized to facilitate this binding. The UBA 362 

domain is conserved in HYPK protein of all species, signifying that Nedd8 binding is an essential function 363 

of HYPK. 364 

Binding to LC3 is the other major function of HYPK. This function is attributed to the N-terminal 365 

Y-type LIR of HYPK. The functionality of different LIRs depends upon the presence of aromatic amino 366 

acids in the LIRs (35). Y49 of HYPK is necessary for HYPK interaction with LC3. Deletion of this conserved 367 

tyrosine residue abolishes the LC3 binding function of HYPK. The LIR is in the disordered N-terminal 368 

region of HYPK which imparts flexibility to LIR in terms of reaching the LC3 and bringing it close to the 369 

HYPK protein, thereby favoring the formation of autophagosome.  370 

HYPK is a novel autophagic protein. It delivers the poly-neddylated protein aggregates to 371 

autophagosome (Figure 9). HYPK functions as a scaffolding protein which simultaneously tethers the 372 

Nedd8 and LC3. The aggregation-prone huntingtin exon1, in its poly-neddylated form, is a substrate of 373 
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HYPK dependent aggrephagy. Nevertheless, we speculate that the role of HYPK in poly-neddylation 374 

dependent autophagy is a general function of the protein. The annular-shaped structures of HYPK, i.e. H-375 

granules, play important part in the aggrephagy process. The seeded amyloid-like nucleation of HYPK 376 

around the poly-neddylated huntingtin exon1 forms the H-granules that ensure rapid accumulation of 377 

HYPK around the Htt97Qexon1 aggregates. This leads to increased deposition of LC3 surrounding the 378 

poly-neddylated aggregates. In this respect, HYPK function is like p62 (SQSTM1) protein, except the fact 379 

that p62 is the scaffolding protein for poly-ubiquitinated protein aggregates (36) and HYPK has similar 380 

function for poly-neddylated proteins. Because HYPK and p62 are aggregation-prone proteins (20, 37), 381 

they probably induce autophagy by the similar mechanism. 382 

We expect the functional importance of HYPK in Huntington’s disease and in other 383 

neurodegenerative disorders. Since HYPK expression is less-to-moderate in different neurodegenerative 384 

disorders, there is a good scope of brain-specific upregulation of HYPK expression by small molecule 385 

modulators to mitigate the challenges of neuronal protein aggregates.  386 

Redundancy of the post-translational modifications in protein degradation pathways are part of 387 

the fail-safe mechanism. While poly-ubiquitinated proteins can be degraded by proteasomal and 388 

autophagy pathways (38), previous report suggests that the poly-neddylated proteins can also be 389 

degraded by proteasome (39). In this study, we show that the poly-neddylated proteins, like poly-390 

neddylated huntingtin exon1, can also be cleared by autophagy pathway. Thus, Nedd8 can functionally 391 

complement ubiquitin in both the proteasomal and autophagy pathways. Though the poly-392 

ubiquitination and poly-neddylation dependent autophagy coexists, evolution of different kinds of 393 

neddylation and ubiquitination linkages may pose additional specificity and sensitivity towards 394 

neddylated autophagosed substrates. Contrary to the huge number of proteins that are poly-395 

ubiquitinated, the number of proteins undergoing poly-neddylation is limited. Additionally, Nedd8 396 

conjugation to the substrate proteins by culin-ligases may have more regulations in the autophagy. 397 

Nedd8 has modulatory roles in neurodegenerative diseases. Nedd8 is accumulated in inclusion 398 

bodies (40). Moreover, the expression of Nedd8 and NUB1 are repressed in HD. This can downgrade the 399 

neddylation of proteins and their delivery to proteasome. In such condition, accelerated delivery of 400 

neddylated protein aggregates to autophagy vacuoles becomes as a viable prospect. 401 

 402 

 403 

 404 

 405 

 406 

 407 
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METHODS 438 

Cloning 439 

To clone the open reading frames (ORFs) of different genes, total RNA was isolated from IMR-32 440 

cells (human neuroblastoma), and cDNAs of corresponding mRNAs were made by reverse transcription 441 

using the oligo-dT primer. ORFs of genes were amplified from cDNAs by polymerase chain reaction (PCR) 442 

using specific primer sets. The following clones were generated in specific vectors (see the results for 443 

the details of clones): 444 

HYPK was cloned in pET21b, mCherry-pcDNA3.1(+), pEGFP-N1, pcDNA3.1(+) (C-terminal FLAG tagged). 445 

HYPK-UBA (the UBA domain of HYPK) was cloned in pET21b, mCherry-pcDNA3.1(+), pcDNA3.1(+) (C-446 

terminal FLAG tagged). 447 

HYPK-UBA D94A, E101A (HYPK’s UBA domain in which the D94 and E101 residues were mutated to 448 

alanine) and HYPK-UBA ΔL113, ΔG118 (HYPK’s UBA domain that had deletions of L113 and G118) were 449 

cloned in pET21b. 450 

HYPK-N60 (N-terminal 60 amino acid region of HYPK) and HYPK-Δ
48

DYA
50

 (HYPK mutant in which the 451 

D48, Y49 and A50 residues were deleted) were cloned in pET21b and pEGFP-N1. 452 

HYPK-C69 (C-terminal 69 residue region of HYPK) was cloned in pET21b, pEGFP-N1 and pcDNA3.1(+) (C-453 

terminal FLAG tagged). 454 

HYPK-N84 (N-terminal 84 amino acid region of HYPK) was cloned in mCherry-pcDNA3.1(+), pcDNA3.1(+). 455 

Nedd8 was cloned pET21b, pcDNA3.1(+) and pSBFP2-C1. 456 

LC3 was cloned in mCherry-pcDNA3.1(+) and pET21b. 457 

ATG-5 was cloned in mOrange2-N1. 458 

ATG-12 was cloned in mCherry-pcDNA3.1(+). 459 

Htt97Qexon1 was cloned in pET21b, pEGFP-N1, pcDNA3.1(+). 460 

Htt97Qexon1-GFP was cloned in pcDNA3.1(+). 461 

HYPK along with either of LC3, GABARAP, GABARAPL1 and GABARAPL2 were cloned in pETDuet-1 vector. 462 

Similarly, LC3 along with either of HYPK, HYPK-N60, HYPK-C69 and HYPK-Δ
48

DYA
50

 was cloned in 463 

pETDuet-1. 464 

 465 

Deletion mutants of HYPK were made by using specific primer sets in the normal or overlapping 466 

PCR-based methods. FLAG peptide sequence was introduced to different clones by incorporating the 467 

sequence in-frame in the C-terminus by using the reverse primer. Lysine-to-arginine mutant of Nedd8 468 

was constructed by specific primer sets using nested PCR methods. 6xHistidine was introduced to this 469 

mutant clone by incorporating its corresponding nucleotide sequence in-frame in the 5’ region of 470 

forward primer 471 

shRNAs of HYPK, ATG-5, Nedd8 and control (GFP) were cloned in pSUPER plasmid.  472 

Details of clone maps, sequences of primers set(s) and shRNAs are available on request. The 473 

overall cloning process was similar to what was described in our previous studies (20, 41). Restriction 474 

digested PCR products and plasmids were ligated, followed by the transformation of the ligated 475 
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products into ultra-competent DH5α strain of Escherichia coli. Positive clones were selected by colony 476 

PCR. All clones were sequenced at the sophisticated equipment facility of the research support service 477 

group of CDFD. 478 

Recombinant protein production and purification 479 

The HYPK, HYPK-UBA, HYPK-UBA D94A, E101A, HYPK-UBA ΔL113, ΔG118, HYPK-N60, HYPK-C69, 480 

HYPK-Δ
48

DYA
50

, LC3, Nedd8, Htt97Qexon1 recombinant proteins were produced from pET21b vectors by 481 

the T7 approach that was described by us in earlier studies (20, 42). In the pETDuet-1 vector system, 482 

HYPK/ HYPK-N60/ HYPK-C69/ HYPK-Δ
48

DYA
50

 and LC3A/ LC3B/ GABARAP/ GABARAPL1/ GABARAPL2 483 

were 6xHis tagged and the interacting proteins (LC3 and HYPK) were untagged. The bacterial expressible 484 

clones were separately transformed into the BL21DE3 strain of Escherichia coli, followed by induction of 485 

protein synthesis by the application of IPTG (1mM final concentration) in the medium (LB-ampicillin). 486 

After 12-18 hours of protein production at 18
o
C, bacterial cells were lysed by sonication in the lysis 487 

buffer [50mM Tris-Cl (pH: 8.0), 300mM NaCl, 10mM imidazole, 1mM PMSF]. The cell lysate was cleared 488 

by centrifugation, followed by purification of the proteins in the nickel ion-based affinity exchange 489 

column chromatography. The cleared lysate was run through the Ni-NTA beads of column to allow the 490 

binding of the 6xHistidine (of the recombinant proteins) to the beads. The beads were subsequently 491 

washed with the wash buffer [50mM Tris-Cl (pH: 8.0), 300mM NaCl, 40mM imidazole], followed by 492 

elution of the proteins in elution buffer [50mM Tris-Cl (pH: 8.0), 300mM NaCl, 300mM imidazole]. 493 

Different proteins were dialyzed in different dialysis buffers depending upon the requirements of 494 

downstream assays. In all assays, >98% pure proteins were used. 495 

Surface plasmon resonance 496 

The properties of Nedd8 binding with HYPK, HYPK-UBA, HYPK-UBA D94A, E101A and HYPK-UBA 497 

ΔL113, ΔG118 were done by surface plasmon resonance (SPR) studies. Using the NHS/ EDC reagent, 498 

5nmole of Nedd8 [in acetate buffer (pH: 4.0)] was immobilized on CM5 sensor chip by amine coupling. 499 

The mobile phase analytes (HYPK, HYPK-UBA, HYPK-UBA D94A, E101A and HYPK-UBA ΔL113, ΔG118) 500 

were kept in HBS-EP buffer [10mM HEPES (pH:  7.5), 150mM NaCl, 3mM EDTA, 0.005% (v/v) Surfactant 501 

P20 (pH: 7.4)]. Analyte to ligand binding experiments were done in the Biacore 3000 instrument at 25
o
C. 502 

Analytes were injected at a flowrate of 30µl/min, and the dissociation events lasted for 10 minutes. 503 

Concentrations of analytes were in the range of 40nM-25μM. Subtraction of the nonspecific binding 504 

from the actual binding response was done by measuring the binding in the mock immobilized surface 505 

of another channel. Dissociation constant [Kd] was measured by following 1:1 Langmuir model of 506 

dissociation.  507 

Isothermal titration calorimetry 508 

Isothermal titration calorimetry (ITC) experiments were conducted to measure the binding of 509 

LC3 protein with HYPK, HYPK-N60, HYPK-C69 and HYPK-Δ
48

DYA
50

. The protein-protein interaction studies 510 

were done in the MicroCal iTC 200 isothermal titration calorimeter instrument. The procedure of ITC 511 

was similar to our previous studies (43, 44). All proteins were kept in PBS (pH: 7.4) buffer. A thermostat 512 

maintained the temperature at 25
o
C for all the experiments. The cell proteins’ (HYPK, HYPK-N60, HYPK-513 
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C69, HYPK-Δ
48

DYA
50

) concentrations were 20μM and the syringe protein (LC3) concentration was 514 

200μM.  515 

The ITC instrument was run with the following parameters: a total 20 binding events were 516 

performed, the reference power of instrument was kept at 10 µcal/sec., time spacing of the binding 517 

events were 120 seconds and the syringe rotation speed was 300rpm. 518 

Scanning electron microscopy 519 

Individual proteins [HYPK, Htt97Qexon1, neddylated Htt97Qexon1 (Nedd8 cross-linking to 520 

Htt97Qexon1 was done by DSS cross-linking method)] or different protein complexes 521 

(Htt97Qexon1+HYPK, Neddylated Htt97Qexon1+HYPK, neddylated Htt97Qexon1+HYPK+LC3) were kept 522 

in 20mM Tris-Cl (pH: 8.0) buffer (in ultrapure water). A droplet of protein solution was casted on a 523 

cleaned glass coverslip, followed by air-drying of the droplet in the dust-free chamber. Air-dried proteins 524 

were washed with ultrapure water, and they were sequentially dried by air and gentle stream of 525 

nitrogen gas. Proteins were coated with a thin layer of gold-palladium mixture. Image acquisition was 526 

done in SUPRA 55VP field emission scanning electron microscope. The resolutions of the images were 527 

adjusted by keeping variable aperture diameter and electron beam voltage (80-100 kV) of the 528 

microscope. 529 

Cell culture 530 

Mouse neuroblastoma (Neuro2a) and human neuroblastoma (IMR-32) cells were procured from 531 

the National Centre for Cell Sciences (NCCS, India). Cells were cultured in AMEM medium which was 532 

supplemented with 10% fetal bovine serum, 2mM L-glutamine and 1x antibiotic-antimycotic solution. 533 

Cells were maintained at 37
o
C with 5% CO2 in a humified incubator. Clones/ plasmids were transfected 534 

into the cells using Lipofectamine 2000 (Thermo Fischer Scientific) and Opti-MEM medium following 535 

manufacturer’s instructions. shRNAs were transfected into cells using Lipofectamine 3000 (Thermo 536 

Fischer Scientific). The transfected cells were harvested 36 hours post-transfection. In the time-chase 537 

experiments, cells were intermittently harvested at every 12 hours up to 36 hours post-transfection. The 538 

final concentrations of MG132 (Sigma Aldrich, Cat. No. M8699), Chloroquine (Sigma Aldrich, Cat. No. 539 

C6628), MLN4924 (Sigma Aldrich, Cat. No. 5.05477) and MLN7243 (Takeda Pharmaceuticals Inc.) were 540 

20μM in the cell culture medium. Cells were incubated with these chemicals for 0-36 hours depending 541 

upon the experimental requirements (see results). 542 

Immunoprecipitation and Immunoblotting 543 

Immunoprecipitation (IP) experiments of different cellular proteins were done by crosslink 544 

magnetic IP/co-IP method (Pierce Crosslink Magnetic IP/co-IP kit, Thermo Fischer Scientific, Cat. No. 545 

88805) following the manufacturer’s protocol. Some IP experiments were conducted in denaturing 546 

conditions (with 1% SDS). Following antibodies were used to immunoprecipitate different proteins: 547 

Nedd8 antibody v-15 (goat polyclonal, Santa Cruz Biotechnology, Cat. No: sc5480) and anti-HYPK 548 

antibody (Sigma Aldrich, Cat. No: HPA055252) and anti-polyHistidine antibody (Sigma Aldrich, Cat. No: 549 

H1029).  550 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 24, 2019. ; https://doi.org/10.1101/780379doi: bioRxiv preprint 

https://doi.org/10.1101/780379


16 

 

In the immunoblotting experiments, cells were harvested and lysed in pre-chilled lysis buffer 551 

[150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris-Cl (pH: 8.0), and protease 552 

inhibitor cocktail]. Lysis was completed by keeping the cell suspension in lysis buffer at 4
o
C for 2 hours. 553 

Total cellular protein was acetone-precipitated, followed by re-solubilization of the proteins in the 554 

solubilization buffer [50mM Tris-Cl (pH – 8.0), 50mM NaCl]. Protein concentrations were estimated by 555 

standard Bradford assays. 40-60µg of protein was separated in 12% SDS-PAGE, followed by the 556 

immunoblotting steps that involved the transfer of proteins to PVDF membrane and sequential use of 557 

primary and secondary antibodies. Intermittent washing steps were done by TBST buffer (pH: 7.4). The 558 

following primary antibodies were used: anti-HYPK antibody (Sigma Aldrich, HPA055252; dilution - 559 

1:2000), anti-LC3 antibody - APG8A  (Sigma Aldrich, SAB 1305639; dilution – 1:2000), anti-Nedd8 560 

antibody v-15 (Santa Cruz Biotechnology, sc5480; dilution – 1: 2500) [the anti-Nedd8 antibody was 561 

raised against an N-terminal peptide of human Nedd8. Since the sequence of this peptide region was 562 

not similar to ubiquitin, the anti-Nedd8 antibody was not detected to recognize the ubiquitin protein], 563 

anti-polyglutamine antibody - 3B5H10 (Sigma Aldrich, P1874; dilution – 1:2500), anti-Beclin-1 antibody 564 

(Abcam, ab62557; dilution – 1:3500), anti-ATG-5 antibody (Sigma Aldrich, A0856; dilution – 1:2000), 565 

anti-FLAG antibody (Sigma Aldrich, F3165; dilution – 1:5000), anti-GFP antibody (Sigma Aldrich, 566 

SAB2702197; dilution – 1:2500), anti-polyHistidine antibody (Sigma Aldrich, Cat. No: H1029), anti-beta 567 

tubulin antibody – AA2 (Sigma Aldrich, T8328; dilution – 1:5000). The following secondary antibodies 568 

were used: anti-goat IgG (whole molecule) peroxidase antibody produced in rabbit (Sigma Aldrich, 569 

A8919; dilution – 1:5000), anti-rabbit IgG (whole molecule) peroxidase antibody produced in goat 570 

(Sigma Aldrich, A0545; dilution – 1:5000), anti-mouse IgG (whole molecule) peroxidase antibody 571 

produced in rabbit (Sigma Aldrich, A9044; dilution – 1:5000). 572 

Fluorescence microscopy 573 

Adherent IMR-32 or Neuro2a cells were washed with PBS (pH: 7.4), followed by crosslinking 574 

with paraformaldehyde (4%, in PBS). EGFP, mCherry, mOrange2 and BFP expressing cells were directly 575 

imaged for fluorescence signals. In immunocytochemistry, cells were treated with 0.2% TritonX-100 (in 576 

PBS, pH: 7.4) for permeabilization, followed by blocking with 1% BSA (in PBS, pH: 7.4). The next steps 577 

involved the sequential application of primary and secondary antibodies. The following primary 578 

antibodies were used: anti-HYPK antibody (Sigma Aldrich, HPA055252; dilution - 1:350), anti-LC3 579 

antibody - APG8A (Sigma Aldrich, SAB 1305639; dilution – 1:400) and anti-Beclin-1 antibody (Abcam, 580 

ab62557; dilution – 1:350). The following secondary antibodies were used: goat anti-rabbit IgG (H+L) 581 

secondary antibody-Alexa fluor 488 (Thermo Fischer Scientific A,-11008; dilution – 1:400), goat anti-582 

rabbit IgG (H+L) secondary antibody-Alexa fluor 647 (Thermo Fischer Scientific, A -21245; dilution – 583 

1:400), goat anti-mouse IgG (H+L) secondary antibody-Alexa fluor 647 (Thermo Fischer Scientific, A -584 

21235; dilution – 1:400), goat anti-rabbit IgG (H+L) superclonal secondary antibody-Alexa fluor 555 585 

(Thermo Fischer Scientific, A -27039; dilution – 1:400), anti-rabbit IgG whole molecule-TRITC produced in 586 

goat (Sigma Aldrich, 6778; dilution – 1:400). Cells were mounted in DAPI-containing mounting medium 587 

(Fluoroshield).  588 
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Image acquisition was done in Zeiss LSM700 meta-confocal microscope (Carl Zeiss Microimaging 589 

Inc.) with the 63x Plan-Apo/ 1.4 NA oil/ DIC objectives. All images were processed in Zen-Lite (black) 590 

software (Carl Zeiss Microimaging Inc.). 591 

Colocalization analysis of different proteins were done in Zen-Lite (Blue edition) software (Carl 592 

Zeiss Microimaging Inc.) by using the colocalization algorithm. The Pearson’s correlation coefficient was 593 

used as a measure of colocalization of proteins.  594 

Counting of LC3 puncta and neurite-forming cells in different conditions were done by live-cell 595 

imaging in Nikon live-cell imaging system/stereomicroscope. 596 

Transmission electron microscopy 597 

IMR-32 cells were grown in culture dishes. HYPK or Htt97Qexon1 + HYPK were transfected into 598 

cells by the procedure that was mentioned in the cell culture section. Detached cells were fixed in 1.5% 599 

(v/v) glutaraldehyde/ 4% (w/v) formaldehyde (in 0.1M cacodylate buffer, pH - 7.3) solution for five 600 

hours, followed by washing of the cells with PBS (pH: 7.4) for few times. Gradual dehydration of the cells 601 

was done by sequentially keeping them in 50%, 70% and 90% ethanol (15 minutes/ solution). Cells were 602 

sectioned (1μm thick) in ultra-microtome before placing them on copper grid (200 mesh). Section 603 

containing grids were incubated in 0.05M glycine (in PBS, pH: 7.4) for 20 minutes. Grids were then 604 

washed with PBS (pH: 7.4), followed by staining with aqueous uranyl acetate for 2 minutes. After the 605 

grids were washed with water, they were transiently (for 15 seconds) exposed to lead citrate. Images 606 

were collected in Tecnai G2 Spirit Bio-TWIN transmission electron microscope. Electron beam strength 607 

was 15kV and images were recorded in Gatan Orins CCD camera. 608 

Fluorescence activated cell sorting 609 

Fluorescence activated cell sorting was done to analyze the number of apoptotic cells and the 610 

pattern of cell cycle stages during differential expression of Htt97Qexon1 and HYPK in IMR-32 cells. Cells 611 

were detached from dishes by trypsin-EDTA treatment, followed by washing of the cells with PBS (pH: 612 

7.4) for few times. Cells were resuspended and incubated in 500µl PBS (pH: 7.4) which contained 20µl of 613 

0.1% TritonX-100, 50µl of 100mg/ml Ribonuclease-A and 300µl of 50µg/ml propidium iodide at room 614 

temperature for 15 minutes (constant mixing). Apoptotic cells were detected by using Annexin V-FITC 615 

apoptosis detection kit (Sigma Aldrich, Cat. No: APOAF) by following manufacturer’s protocol. Briefly, 616 

trypsinized cells were washed with PBS and they were incubated with appropriate volumes of Annexin 617 

V-FITC and propidium iodide solutions, followed by incubation of cells at room temperature for 15 618 

minutes in constant mixing mode. FACS experiments were done in the BD-FACSARIA-III (Becton 619 

Dickenson Biosciences) instrument. Analyses were conducted in the BD-FACSDIVA software. 620 

Computational studies 621 

Sequence alignment: The sequences of UBA domains of different human proteins were curated 622 

from the SMART database (45). The HYPK sequences of different organisms and sequences of LC3 623 
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interacting proteins were obtained from protein database of NCBI. The alignments of sequences were 624 

done in Clustal Omega (46). 625 

Phylogenetic analysis: The sequence alignment file of the UBA domains was saved in the phylip 626 

(.phy) format which was analyzed in the Phylip-3.695 software package. The Seqboot, Protdist, Neighbor 627 

and Consense programs were sequentially run to analyze the phylogeny of the UBA domains of different 628 

human proteins. The outfile of each program was taken as the input file of the next program. Details of 629 

the parameters of each program are available upon request. The cladogram was generated in the 630 

Treeview software. The process of phylogenetic analysis followed the same set of steps as described in 631 

our previous study (47).  632 

GEO profile analysis: Gene/ transcript expression profiles of Nedd8, NUB1, and NAE1 were 633 

curated from the datasets of Gene Expression Omnibus (GEO) repository of NCBI. The expression of the 634 

above genes was analyzed in Huntington’s disease mice versus control mice by comparing the transcript 635 

quantity from the following GEO profiles: GDS4533, GDS4534, GDS2912. Expression level of HYPK were 636 

curated from GEO profiles of different neurodegenerative disorders, brain related diseases and stresses 637 

were taken from GEO database. Following GEO profiles were analyzed for evaluation – 638 

neurodegenerative and brain related diseases: GDS2821, GDS810, GDS3408, GDS3459, GDS3730, 639 

GDS4414, GDS3545, GDS3544, GDS4218, GDS4553, GDS1917, GDS1912, GDS2914, GDS4214, GDS4012, 640 

GDS4467, GDS1331; Stress: GDS3365, GDS3383, GDS2054, GDS1317, GDS4104, GDS324, GDS1500, 641 

GDS1794, GDS246, GDS738, GDS4849, GDS3463, GDS3135.  642 

HYPK interacting protein analysis: The HYPK interacting proteins were curated from the BIOGRID 643 

(48) and STRING (49) databases. 644 

Aggregation-prone region analysis: Aggregation prone regions in HYPK interacting proteins were 645 

predicted in Waltz web server (http://www.switchlab.org/bioinformatics/waltz) and Aggrescan3D web 646 

server (http://biocomp.chem.uw.edu.pl/A3D/) (50). We had previously used this process to find the 647 

aggregation-prone regions of SOD1
G85R

 and SOD1
G93A

 (51). 648 

Nedd8 structure: The Nedd8 structure was obtained from the protein data bank (PDB code: 649 

1NDD) (52). 650 

Statistical analysis 651 

The comparisons of means among groups were done by t-test.  652 

Graphics 653 

The graphics of constructs were generated in Adobe Illustrator. The graphs were generated in 654 

the Graphpad Prism software. 655 

 656 

 657 
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Figure 1. HYPK binds to the Nedd8 protein by its C-terminal UBA domain. (A) Immunoblotting of the 802 

immunecomplexes of endogenous Nedd8 [IP: Nedd8] and endogenous HYPK [IP: HYPK] from cell lysate 803 

of IMR-32 cells that were untransfected or transfected with HYPK-UBA [FLAG-tagged]. Immunoblotting 804 

was done with indicated antibodies. Immunoprecipitations were done in non-denaturing condition. (B) 805 

Representative confocal microscopy images of colocalization of HYPK-mCherry and HYPK-UBA-mCherry 806 

domain with the Nedd8-BFP protein in IMR-32 cells. [*HYPK-mCherry colocalization with Nedd8-BFP vs. 807 

BFP: p < 0.001, n = 96; *HYPK-UBA-mCherry colocalization with Nedd8-BFP vs. BFP: p < 0.001, n = 89]. (C) 808 

Schematic representation of HYPK, its UBA domain and different mutants of UBA domain. (D) 809 

Characterization of quantitative binding responses and affinities of interactions of recombinant HYPK, 810 

HYPK-UBA, HYPK-UBA D94A, E101A, HYPK-UBA ΔL113, ΔG118 with recombinant Nedd8 by SPR assays. 811 

Calculated dissociation constants [Kd value] are shown.  812 
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 844 

 845 

Figure 2. HYPK interacts with the LC3 proteins by its N-terminal LC3 interaction region. (A) [Upper 846 

panel] Alignment of the putative LIR sequences of HYPK proteins of different organisms. [Lower panel] 847 

Alignment of putative HYPK-LIR sequence with the sequences of tyrosine-type LIRs of other LC3 848 

interacting proteins. (B) Immunoblotting of the immunecomplexes of endogenous LC3 [IP: LC3] from cell 849 

lysate of untransfected IMR-32 cells. Immunoblotting was done with indicated antibodies. The 850 

immunoprecipitation was done in non-denaturing condition. (C) Schematic representation of the HYPK 851 

and its different deletion mutant constructs. (D) ITC analysis of protein-protein interactions of 852 

recombinant HYPK, HYPK-N60, HYPK-C69 and HYPK-Δ
48

DYA
50

 with recombinant LC3. Dissociation 853 

constant values [Kd] are indicated. (E) Representative confocal microscopy images of colocalization of 854 

HYPK-EGFP, HYPK-N60-EGFP, HYPK-C69-EGFP and HYPK-Δ
48

DYA
50

-EGFP with LC3-mCherry in IMR-32 855 
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cells. (F) Quantitative estimation of intracellular LC3 colocalization with HYPK, HYPK-N60, HYPK-C69 and 856 

HYPK-Δ
48

DYA
50

 [*HYPK-EGFP colocalization with LC3-mCherry vs. mCherry: p < 0.005, n = 117; *HYPK-857 

N60-EGFP colocalization with LC3-mCherry vs. mCherry: p < 0.005, n = 71]. 858 
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 896 

 897 

Figure 3. HYPK is an autophagy inducing protein. (A) [Upper left] Immunoblotting for LC3, beclin-1, 898 

ATG-5, HYPK and β-tubulin with indicated antibodies from lysate of IMR-32 cells that were transfected 899 

with vector [pcDNA3.1(+)] or HYPK. [Upper right] Immunoblots of LC3, beclin-1, ATG-5, HYPK and β-900 

tubulin with indicated antibodies from HYPK transfected IMR-32 cell lysate in time-chase study. [Lower 901 
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panel] Densitometry of blots [*LC3-I and LC3-II expression in vector control vs. HYPK overexpression: p < 902 

0.005, n = 3; *Beclin-1 expression in vector control vs. HYPK overexpression: p < 0.005, n = 3; *ATG-5 903 

expression in vector control vs. HYPK overexpression: p < 0.005, n = 3]. (B) Immunoblots of LC3, HYPK 904 

and β-tubulin with indicated antibodies from HYPK-shRNA or control [GFP]-shRNA transfected IMR-32 905 

cell lysate. (C) Representative confocal microscopy image of HYPK colocalization with beclin-1, but not 906 

with proteasomal protein PSMD8, in untransfected IMR-32 cells. [*HYPK colocalization with beclin-1 vs. 907 

PSMD8: p < 0.001, n = 82]. (D) Confocal microscopy image of LC3-mCherry puncta formation in HYPK-908 

EGFP expressing IMR-32 cells. [*LC3 puncta formation in cells with endogenous HYPK expression vs. 909 

HYPK-EGFP overexpression: p < 0.005, n = 65]. (E) Representative transmission electron microscopy 910 

images of autophagy vacuoles and autolysosomes in IMR-32 cells that were untransfected or 911 

transfected with HYPK and Htt97Qexon1. (F) Immunoblots of LC3, ATG-5, HYPK, Nedd8 and β-tubulin 912 

with indicated antibodies from the lysates of IMR-32 cells that were untransfected or transfected with 913 

HYPK, Nedd8-shRNA and control [GFP]-shRNA. 914 
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 944 

 945 

Figure 4. The individual domains of HYPK cannot simultaneously interact with the Nedd8 and LC3 946 

proteins. (A) Representative confocal microscopy image of endogenous HYPK colocalization with BFP-947 

Nedd8 and autophagy related proteins LC3-mCherry and ATG-5-mOrange2 in IMR-32 cells that were 948 

transfected with BFP-Nedd8, LC3-mCherry and ATG-5-mOrange2. (B) [Upper] Confocal microscopy 949 

image of HYPK-UBA-mCherry colocalization with BFP-Nedd8, but not with endogenous LC3, in IMR-32 950 

cells that were transfected with BFP-Nedd8 and HYPK-UBA-mCherry. [Lower panel] Confocal microscopy 951 

image of HYPK-N84-mCherry colocalization with the endogenous LC3 protein, but not with BFP-Nedd8, 952 

in IMR-32 cells that were transfected with HYPK-N84-mCherry and BFP-Nedd8 [AF-488 is secondary 953 

antibody associated Alexa Fluor 488]. (C) Quantification of colocalization of HYPK, HYPK-UBA domain 954 
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and HYPK-N84 with LC3 and Nedd8 [*Colocalization of HYPK-UBA with Nedd8 vs. LC3: p < 0.001, n = 70; 955 

*colocalization of HYPK-N84 with Nedd8 vs. LC3: p < 0.001, n = 75]. 956 
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 997 

 998 

Figure 5. HYPK mediates autophagic clearance of the poly-neddylated huntingtin exon1 aggregates. 999 

The H-granules of HYPK helps in formation of the autophagosome around the poly-neddylated 1000 

Htt97Qexon1 aggregates. (A) Immunoblotting for Htt97Qexon1, HYPK and β-tubulin with indicated 1001 

antibodies from lysate of IMR-32 cells that were transfected with Htt97Qexon1, HYPK and treated with 1002 

20nM MG132 and/or 20nM chloroquine for 36 hours. [anti-polyQ antibody detects poly-glutamine 1003 

expanded huntingtin, like Htt97Qexon1]. (B) Immunoblotting for Htt97Qexon1, ATG-5, HYPK and β-1004 

tubulin with indicated antibodies from lysate of IMR-32 cells that were transfected with Htt97Qexon1, 1005 

HYPK, ATG-5-shRNA and control [GFP]-shRNA. [*Htt97Qexon1 level in HYPK vs. HYPK+ATG-5-shRNA: p < 1006 
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0.005, n = 3]. (C) Quantification of colocalization of LC3, ATG-5 and ATG-12 with HYPK associated poly-1007 

neddylated Htt97Qexon1 in IMR-32 cells. (D) Representative confocal microscopy images of 1008 

coassociation of endogenous HYPK and colocalization of BFP-Nedd8, LC3-mCherry, ATG-5-mOrange2, 1009 

ATG-12-mCherry with Htt97Qexon1-GFP in the IMR-32 cells. Yellow arrows point the H-granules of HYPK 1010 

[AF-647 is secondary antibody associated Alexa Fluor 647]. (E) Scanning electron micrographs of In vitro 1011 

reconstituted complexes of different combinations of recombinant proteins of Htt97Qexon1, HYPK, LC3 1012 

and Nedd8 crosslinked Htt97Qexon1. 1013 
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 1049 

 1050 

Figure 6. Nedd8 induces autophagy in IMR-32 cells. (A) [Upper left] Immunoblotting for LC3, beclin-1, 1051 

ATG-5, Nedd8 and β-tubulin with indicated antibodies from lysate of IMR-32 cells that were 1052 

untransfected or transfected with Nedd8. [Upper right] Immunoblotting for LC3, beclin-1, ATG-5, Nedd8 1053 

and β-tubulin with indicated antibodies in a time-chase assay from lysate of IMR-32 cells that were 1054 

transfected with Nedd8. [Lower left] Densitometry of upper left blots [*LC3-II expression in vector 1055 

control vs. Nedd8 overexpression: p < 0.005, n = 3; *beclin-1 expression in vector control vs. Nedd8 1056 

overexpression: p < 0.005, n = 3; *ATG-5 expression in vector control vs. Nedd8 overexpression: p < 1057 

0.005, n = 3]. [Lower right] Densitometry of upper right blots. (B) Representative confocal microscopy 1058 

images of puncta formation of endogenous LC3 in IMR-32 cells that were transfected with BFP-Nedd8. 1059 

[LC3 puncta formation in control vs. Nedd8-BFP overexpression: p < 0.001, n = 71] 1060 
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 1063 

 1064 

Figure 7. Huntingtin exon1 undergoes poly-neddylation. Poly-neddylated huntingtin exon1 is 1065 

degraded by autophagy in IMR-32 cells. (A) [Left] Immunoblotting of immunecomplexes of Nedd8 [IP: 1066 

Nedd8] with indicated antibodies for Htt97Qexon1, Nedd8 and β-tubulin from the lysate of IMR-32 cells 1067 

that were transfected with either Htt97Qexon1 or Htt97Qexon1+Nedd8. Immunoprecipitation was done 1068 
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in denaturing condition [WCL is whole cell lysate]. [Right] Immunoblotting for Htt97Qexon1, Nedd8 and 1069 

β-tubulin with indicated antibodies from lysate of IMR-32 cells that were untransfected or transfected 1070 

with Htt97Qexon1 and Nedd8. (B) Representative confocal microscopy images of colocalization of BFP-1071 

Nedd8, but not the BFP, with Htt97Qexon1-GFP in IMR-32 cells. (C) Immunoblotting for Htt97Qexon1, 1072 

Nedd8 and β-tubulin with indicated antibodies from lysate of IMR-32 cells that were untransfected or 1073 

transfected with Htt97Qexon1 and Nedd8 in presence of 20nM MG132 and/or 20nM chloroquine for 36 1074 

hours. (D) Immunoblotting for Htt97Qexon1, ATG-5, Nedd8 and β-tubulin with indicated antibodies 1075 

from lysate of IMR-32 cells that were untransfected or transfected with Htt97Qexon1, ATG-5-shRNA and 1076 

control [GFP]-shRNA in presence of 20nm MG132 for 36 hours. 1077 
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 1111 

 1112 

Figure 8. HYPK reduces proteotoxic stress and helps in cell survival. (A) Confocal microscopy images of 1113 

differential neurite formation in Neuro2a cells that were transfected with Htt97Qexon1-GFP and HYPK-1114 

mCherry. [*Neurite formation in Htt97Qexon1-GFP vs. Htt97Qexon1-GFP+HYPK expressing cells: p < 1115 

0.005, n = 112]. (B) Representative FACS studies for cell cycle and cell death analysis of IMR-32 cells that 1116 

were untransfected or transfected with Htt97Qexon1 and HYPK. [Upper left] Cell cycle stage analysis. 1117 

[Upper right] Apoptotic cell death analysis. [Lower] Quantitative estimation of cell-cycle stages during 1118 

different Htt97Qexon1 and HYPK expressing conditions. (C) GEO profile-based comparison of HYPK 1119 

expression in different neurodegenerative diseases/ brain-related diseases and stressful conditions. (D) 1120 

Number of HYPK interacting proteins according to presence of aggregation-prone regions in their 1121 

sequences. (E) GEO profile-based analysis of transcript levels of Nedd8, NUB1, and NAE1 in Huntington’s 1122 

disease mouse models and control. [*Nedd8 transcript in control vs. embryonic stem cell of HD mouse: 1123 

p < 0.001, n = 6; *NUB1 level in control vs. 27-week transgenic HD mouse: p < 0.001, n = 6]. 1124 
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 1127 

Figure 10. Model of HYPK mediated aggrephagy of poly-neddylated huntingtin exon1. HYPK functions 1128 

as a scaffolding protein by simultaneously interacting with Nedd8 and LC3 by its UBA domain and Y-type 1129 

LIR respectively. HYPK binds to the Nedd8 of poly-neddylated huntingtin exon1 aggregates, and 1130 

subsequently attracts LC3 to the aggregates, thereby inducing the formation of autophagosome around 1131 

the poly-neddylated huntingtin exon1 aggregates.  1132 
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SUPPORTING FIGURES 1148 

 1149 

 1150 

 1151 

Supporting figure 1. The conserved UBA domain of HYPK is similar to the second UBA domain of NUB1 1152 

protein. (A) Multiple sequence alignment of the UBA domains of HYPK proteins of different organisms. 1153 

(B) Cladogram representing the clustered UBA domains of different human proteins. 1154 
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 1164 

Supporting figure 2. The LC3-family proteins interact with the N-terminal region of HYPK. (A) 1165 

Interaction of untagged recombinant LC3 with 6xHistidine tagged recombinant HYPK, HYPK-N60, HYPK-1166 

C69, HYPK-Δ
48

DYA
50

 that were coexpressed in BL21DE3 strain of Escherichia coli by pETDuet-1 vector. 1167 

[Upper] Immunoblot of LC3. [Lower] Coomassie blue staining of interacting pairs. (B) Protein-protein 1168 

interactions of untagged HYPK with 6xHistidine tagged LC3A, LC3B, GABARAP, GABARAPL1, GABARAPL2 1169 

that were coexpressed in BL21DE3 strain of Escherichia coli by pETDuet-1 vector. [Upper] Immunoblot of 1170 

HYPK. [Lower] Coomassie blue staining of interacting pairs. In both the experiments, empty vector is 1171 

used for negative control. 1172 
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 1185 

 1186 

Supporting figure 3. Htt97Qexon1 undergoes poly-neddylation. The poly-neddylation chain linked to 1187 

huntingtin exon1 in not contaminated with ubiquitin. (A) [Upper] Schematic representation of the 1188 

Nedd8 constructs.  [Lower] Immunoblotting of immunecomplex of 6xHis-Nedd8 (IP: 6xHis) and 6xHis-1189 

Nedd8-allR (IP: 6xHis) for Htt97Qexon1, Nedd8/Nedd8-allR and β-tubulin with indicated antibodies from 1190 

lysate of IMR-32 cells that were transfected with 6xHis-Nedd8 and 6xHis-Nedd8-allR [WCL is whole cell 1191 

lysate]. (B) Immunoblotting of immunecomplexes of Nedd8 (IP: Nedd8) for Htt97Qexon1, Nedd8, β-1192 

tubulin with indicated antibodies from lysate of IMR-32 cells that were transfected with Htt97Qexon1 in 1193 

presence of 20nM MLN4924 or MLN7243 for 36 hours.  1194 
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SUPPORTING INFORMATION 1201 

 1202 

Supporting table 1. HYPK transcript expression level in neurodegenerative diseases and brain-related 1203 

diseases. 1204 

 1205 

Serial 

number 

Disease / Disease model GEO 

number 

HYPK 

expression 

altered 

HYPK 

expression 

unaltered 

Remarks 

1 Parkinson's disease: 

substantia nigra 

GDS2821 - Yes - 

2 X-linked recessive dystonia-

parkinsonism 

GDS1912 - Yes - 

3 Alzheimer's disease: 

neurofibrillary tangles 

GDS2795 

 

- Yes - 

4 HdhQ111 knock-in model of 

Huntington's disease: 

striatum  

GDS4534 

 

- Yes - 

5 Amyotrophic lateral sclerosis 

model 

GDS3408 

 

- Yes - 

6 Frontotemporal lobar 

degeneration with 

ubiquitinated inclusions and 

progranulin mutations: 

various brain regions - TDP-43 

GDS3459 

 

Yes - Downregulated 

7 Amyloid Precursor Protein 

APP family members: adult 

prefrontal cortex 

GDS4414 

 

Yes - Upregulated 

8 Spinocerebellar ataxia type 7 

knock-in model: cerebellum 

- Spinocerebellar ataxia 

GDS3545 

 

- Yes - 

9 Spinocerebellar ataxia type 1 

knock-in model: cerebellum 

GDS3544 

 

- Yes - 

10 Multiple sclerosis: brain 

lesions 

GDS4218 Yes - Downregulated 

11 Down syndrome: brain GDS2941 Yes - Downregulated 

12 Cerebellar cortex in 

schizophrenia 

GDS1917 - Yes - 

13 Measles virus brain infection 

model: right cerebral 

hemisphere 

GDS4553 Yes - Upregulated 

14 Simian immunodeficiency 

virus encephalitis model of 

HIV-associated dementia: 

hippocampus 

-  Dementia 

GDS4214 

 

- Yes - 
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15 Progressive diabetic 

neuropathy: sural nerve 

GDS4012 - Yes - 

 1206 

 1207 

Supporting table 2. Expression level of HYPK transcript in different stressful conditions. 1208 

 1209 

Serial 

number 

Stress GEO 

number 

HYPK 

expression 

altered 

HYPK 

expression 

unaltered 

Remarks 

1 Oxidative-stress induced 

neurodegeneration in 

Harlequin mutant: olfactory 

epithelium 

GDS3365 

 

- Yes - 

2 Chronic stress effect on 

peripheral blood monocytes 

GDS3383 

 

- Yes - 

3 Chronic endoplasmic 

reticulum stress imposed by 

misfolded surfactant protein C 

(HG-U133B) 

GDS2054 - Yes - 

4 Umbilical vein endothelial cell 

response to shear stress 

GDS1317 - Yes - 

5 Long-term heat-stress effect 

on skeletal muscle 

GDS4104 

 

Yes - Downregulated 

6 Hypothalamus response to 

lipopolysaccharide 

GDS324 

 

- Yes - 

7 Mechanical stress effect on 

fibroblasts 

GDS1500 

 

- Yes - 

8 Chronic stress effect on the 

amygdala and hippocampus 

GDS1794 

 

- Yes - 

9 Acute cold exposure effect on 

skeletal muscle 

GDS4849 

 

- Yes - 

10 Sepsis effect on the skeletal 

muscle 

GDS3463 

 

Yes - Downregulated 

11 Liver response to fasting GDS3135 

 

Yes - Upregulated 
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