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Abstract: 

The balance between protein production, folding, transport, assembly and the timely degradation of 

proteins is defined as protein homeostasis. This process is controlled by a network of protein quality 

control (PQC) that includes molecular chaperone and protein degradation systems. Here, we will review 

the pathways and components that regulate protein homeostasis in eukaryotes, with a focus on the 

network of heat shock proteins (Hsps).  

Various situations may perturb protein homeostasis. We will review how acute injury and chronic 

diseases may lead to protein homeostasis imbalances. Furthermore, it will be eluted how, under each of 

these conditions of stress, heat shock proteins may help to rebalance protein homeostasis, preserve cell 

and tissue integrity, and maintain organismal vitality.  

The experimental research in this thesis is dedicated to two different challenges: 1) poultry breeding 

industry where animals often suffer from acute heat stress induced myocardial cell injury; 2) heritable 

neurodegenerative diseases in humans, in particular Huntington’s disease (HD), where patients 

chronically express an aggregation-prone mutant protein. Our results suggest that these different forms 

of stress may require different set of chaperones and different pathways to induce them for rebalancing 

protein homeostasis.
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Protein homeostasis 

The balance between protein production, folding, transport, and assembly and the timely 

degradation of proteins is defined as protein homeostasis (1, 2). 

 

Physiological regulations of Protein homeostasis 

For proteins to become functionally active, they must be folded into specific 3D structures during 

or after emerging from ribosomes as linear polypeptide chains (3, 4). Whereas folding is primarily driven 

by the amino acid sequence (the Anfinsen principle (5)), folding towards the native conformation within 

the dense environment of the cell can be non-productive and lead to non-native protein-protein 

interactions (aggregates) that not only lead to non-functional proteins (loss-of -function) but that also 

may exert toxic effects (gain-of-toxicity) in cells (6-10). So, in vivo, protein folding requires assistance 

by molecular chaperones. The largest class of such molecular chaperones are the proteins from the 

various heat shock protein families. These will be further discussed in part 2 of this review. 

 

When folded, protein conformations are constantly challenged by endogenous or exogenous stress 

conditions which can lead to (partial) protein unfolding, again increasing the risk of aggregation, 

endangering cellular viability, tissue integrity and ultimately organismal fitness. Those unfolded proteins 

increase the need for chaperones (see 3.1) to prevent their aggregation or to disaggregate them for 

subsequent refolding or degradation (2). Indeed, acute proteome challenging stresses can turn on stress 

response pathways (unfolded protein responses) that ensure the required re-balancing of protein 

homeostasis (see 3.3.1). 

 

Folding 

Proteins are synthesized as linear amino acid chains which need to fold into secondary, tertiary and 

quaternary structures to become functional (3, 4). Protein folding is driven primarily by the side chains 

of the amino acids (the Anfinsen principle (5)) but in cells require molecular chaperones for assistance 

(11). In regulated cycles of binding and release, molecular chaperones assist immature proteins along 

their folding landscape to the native state without being part of the final folded and functional complex 

(11). At the same time, such cycles of interaction also prevent off-pathway reactions, e.g. formation of 

toxic aggregates that hall mark several degenerative diseases (5). 

 

Translocation 

Besides being involved in folding, chaperones also assist in the transport of proteins between 

different cellular compartments (11). Protein translocation can happen co-translationally or post-
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translationally. Some chaperones are related to the post-translational protein translocation. For example, 

Hsp70 can mediate the translocation of proteins to mitochondria matrix (12). It requires the substrates to 

be in a largely unfolded state. Hsp70 binds such and them across the mitochondria via the Tom70 receptor 

which is on the outer mitochondria membrane (13, 14).  

 

Protein complex assembly and disassembly 

In many cases, specific biology functions are exerted by protein complexes composed of multiple 

individual proteins, for example, proteasome complex. 26S proteasome is composed by a 20S and a 19S 

subunit. The assembly of each subunit needs proteasome assembly chaperones (PAC1-4) in human (15). 

These chaperones can prevent aberrant dimerization of α-ring and ensure α-subunit and β-subunit are 

correctly incorporated (16, 17).  

Chaperones also play a role in protein complex disassembly. For example, the DNAJ family member 

auxilin (DNAJC6) and Hsc70 (HspA8) which is the constitutively expressed Hsp70 (18, 19) mediate the 

disassembly of clathrin-coated vesicles in the uncoating of clathrin which is important to form coated 

vesicles (18). 

 

Degradation 

When proteins cannot be re-folded (e.g. due to mutations) or are no longer needed, they must be 

disposed. The most important protein degradation pathway in eukaryotes are ubiquitin-proteasome 

system (UPS) and autophagy (20). 

 

UPS 

For the discovery of UPS, Aaron Cheichanover was awarded Nobel Prize in chemistry in 2004 (21). 

Substrate proteins in eukaryote that need to be disposed are labeled with ubiquitin first. Ubiquitylation 

of substrate proteins involves three enzymes: an E1 ligase that will activate the monomer ubiquitin (22), 

an E2 enzyme that will transfer the ubiquitin from the E1 and conjugate it to its own active site. The E2 

can next transfer to E3 ligase with specific bounds substrates and next this E3 ligase will ligate the 

ubiquitin to the substrate (23-25). Ubiquitylated substrate can next be delivered to proteasome, a multi-

protein complex consisting of 19S and 20S (24, 26). The 19S subunit is an AAA ATPase that can transfer 

the substrate to and open the entrance of the 20S subunit which contains the protease activities to digest 

the substrate (26, 27). Ubiquitin is a conserved polypeptide composed by 76 amino acids (28).  

Chaperones are thought to connect to the UPS in different manners. First, by preventing aggregation 

during stress, they maintain proteins in a UPS-degradation competent state (29). In addition, certain co-

chaperones (e.g. DNAJB2) directly connect to the proteasome and when bound to its clients, it favors 
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the UPS-mediated degradation rather than their refolding (30). In doing so, DNAJB2 cooperates with 

Hsp70, its co-chaperones BAG-1 and the carboxyl terminus of Hsc70-interacting protein (CHIP) which 

has E3 ubiquitin ligase activity (31). In another word, binding of specific DNAJs to un- or misfolded 

clients, together with other co-factors, can be important for client fate (32). Inversely, the state of the 

client may dictate which specific co-chaperones binds and this may determine its fate. An elegant 

example of the latter model is that of the ER resident HSP70 machine. Herein, ERdj3 and Bip, that 

promote client folding, recognize a diversity of sequences throughout substrates that differ from more 

rare sites recognized by Grp70, ERdj4 and ERdj5. These binding sites are predicted to have tendency to 

aggregate (33). Once being recognized and bound by Grp70/ERdj3/ERdj5, these potential aggregation-

prone substrates are directed to ER associated degradation (ERAD) (33). This is consistent with earlier 

findings connecting ERdj4 and ERdj5 to proteasomal degradation (34-36). 

 

Autophagy 

The other main degradation pathway that cells used to dispose proteins is the autophagosomal-

lysosomal pathway, for which discovery Yoshinori Ohsumi was awarded the 2016 Nobel Prize in 

Physiology or Medicine (37). There are three forms of autophagy: microautophagy, chaperone-mediated 

autophagy, and macroautophagy (38, 39). Microautophagy entails the direct engulfment of cytoplasmic 

material into the lysosome (40). Chaperone-mediated autophagy involves the recognition of cargo 

proteins by HspA8 and subsequent delivery of the cargo into the lysosome (41). In macroautophagy, a 

bilayer lipid membrane is formed around the cargo (damaged proteins, protein aggregates and damaged 

organelles) to generate so-called autophagosome that will fuse with the lysosome to form autophagy-

lysosome in which multiple hydrolase digest substrates into small molecules for re-use or be released 

from cell (42, 43). 

Like for UPS, some chaperone actions are connected to macroautophagy. This includes e.g. the 

complex of the HSPB8, HSP70 and its co-chaperone BAG3 (44). Under conditions of proteasomal 

overload, cells up-regulate HspB8 and BAG3. As a result, BAG3 competes with BAG1 for Hsp70 with 

its bound substrates and these substrates are now no longer delivered to the proteasome, but rather end 

up in autophagosomes (45). Also the action of HspB7, another member of the sHsp family (see below) 

has been connected to autophagosomal degradation (46, 47). 

 

Hsps in protein homeostasis 

As mentioned above, molecular chaperones play a crucial role in maintaining protein homeostasis, 

not only by guiding folding, transport, and assembly but also by assisting in the degradation of proteins. 

Heat shock proteins form the largest class of molecular chaperones in the cell. 
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These Hsps can be divided into different families: HspA (Hsp70), HspB (small Hsp), HspC (Hsp90), 

HspD (Hsp60/Hsp10), CCT/TriC and HspH (Hsp110) and DNAJ (Hsp40) families (48). These different 

Hsps families have no structural similarities, but within families multiple members are present that share 

features characteristic of their family but can contain with variable other domains that serve for functional 

specifications. Globally, 4 categories of chaperones can be distinguished: 

I. The class of sHsps, ATP-independent “holdases” (49). 

II. The ATP-dependent Hsp70 machines, consisting minimally of one Hsp70, one DNAJ and one 

nucleotide exchange factor (NEF), central to the folding and degradation of most proteins (48).  

III. The ATP-dependent Hsp90 machines, regulated by a multitude of co-factors (50, 51), and 

required for the docking and maturation of a growing list of important growth factors, transcription 

factors and hormone receptors (52). 

IV. The class of chaperones, including the mitochondrial Hsp60/Hsp10 an cytosolic TriC complex, 

required for the folding a subset of complex and often essential proteins (53). 

These categories form an interacting network of protein quality control that guide most proteins 

from the cradle to the grave. For this thesis, the focus is on the small heat shock protein (sHsp or HspB) 

that often interact with and provide substrate to the Hsp70 machines. These will be shortly introduced 

below. 

 

Small heat shock proteins (HspBs or sHsps) 

Small heat shock proteins are ATP-independent chaperones of which there are 10 members in 

human, HspB1-10 (54). All of them have a conserved α-crystalline domain (ACD) flanked by variable 

N- and C-termini (55) (Figure 1). 

sHsps exists in almost all living organisms with overlapping structural and functional characteristics, 

although they can be highly variable. Below, we will mainly refer to mammalian sHsps.   

 

Oligomerization of small heat shock proteins 

Most of the sHsps can form highly dynamic oligomers (56, 57). The ACD is responsible for 

assembly of the sHsp dimer while the NTD and CTD are crucial to the stability of the oligomer (55, 58). 

The ACD contains 94 amino acids on average, forming β-sheet structures. Two homo- or hetero- sHsps 

form a dimer by the connections between β-sheets. By such bindings, sHsps dimers (or also monomers) 

can serve as building blocks to form larger oligomers (59). Often, the sHsps not only form homo-

oligomers but also hetero-oligomers with one or multiple other members of the family (60). Exceptions 

are HspB2 and HspB3 that forms a quaternary complex (61), HspB7 that does not oligomerize and seems 

to exist as a dimer only (62) and HspB8 that forms a complex with Hsp70 and BAG3 (63). 
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Figure 1, Schematic domain structure of sHsps.  

A, Generally, sHsps contains three domains: an N-terminal domain (NTD), an α-crystalline domain (ACD) and C-

terminal domain (CTD). The ACD is the conserved domain characteristic of sHsps and forms a β-sheet structure. Both 

the NTD and the CTD are variable amongst the different sHsps and generally are largely disordered. There is an IXI/V 

motif in the CTD of most HspB members, except in HspB6 and HspB8. B, 3D structure of human ACD (PDB ID: 2Y22). 

 

The oligomerization of the more canonical sHsps is a very dynamic process and the subunit 

exchange can be accelerated by stresses such as heat or environmental stresses. Such stress conditions 

will, amongst others, activate diverse signaling pathways leading to phosphorylation of sHsps, in 

particular the most studied HspB1 and HspPB5 members (57). Phosphorylated HspB1 will de-

oligomerize into dimers (Figure 2). It is thought that this dynamics is crucial to the two main functions 

of HspB1 and HspB5, being a “holdase” for un- or misfolded proteins and for stabilization of the 

cytoskeleton (49). 

 

Figure 2. Schematic graph of phosphorylation mediated HspB1 oligomerization /de-oligomerization.  

Under native condition, HspB1 monomer will form large oligomer. Under stress conditions, HspB1 will be 

phosphorylated by kinases in downstream of MAPK pathway at Ser15, Ser78 and Ser82. Phosphorylated HspB1 will 

disassemble and exists as dimer, the activated formation.  

 

Holdase functions of small Hsps 

Under acute stress condition, a large amount of protein will unfold and run the risk to form 

irreversible, noxious aggregates (64). The increase in oligomeric dynamics of sHsps like HspB1 and 

HspB5 under such conditions in thought to be the first line of defense against such acute forms of stresses, 

in addition to translation pausing and upregulation of the expression of subset of members within all Hsp 

families. As such, sHsp oligomers are considered as activate-able chaperone reservoir from which 

released dimers will bind to the hydrophobic residues of (stress unfolded) client proteins (65). Then, they 
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will reassemble into larger HspB1-client complexes in which the substrate are maintained in either a 

folding or a degradation competent. This is the so-called “holdase” function of sHsps (49).  

As sHsps do not have ATPase activity, they can “hold”, but cannot spontaneously release their 

substrates (49) and they require the ATP-regulated Hsp70 machines for client release and further 

processing (66), which can either be refolding (67) or degradation (68, 69).  

Although the above described holdase concept has been established for some decades, the detailed 

mechanisms of how sHsp bind to and “hold” the their client proteins, how the ATP dependent chaperon 

recognize, interact and process the “holdase complex”, or how the fate of the unfolded protein in the 

“holdase complex” is decided still remain to be elucidated. Moreover, if and how less studied members 

of the family, in particular e.g. the dimeric HspB7, share such a holdase activity has still largely remained 

elusive.  

 

Cytoskeletal protection mediated by sHsp  

The cytoskeletal network is composed of three distinct elements, being the actin microfilaments 

(MFs), microtubules (MTs) and intermediate filaments (IFs) (70). These three major cellular filaments 

not only control cell shape and integrity, but also are crucial to many cellular functions, including 

intracellular transport and cell division (71, 72).  

The cytoskeletal is also easily disrupted under conditions of acute stresses like heat shock. In fact, 

the protection of such a cytoskeletal collapse is one of the first and best studied function of sHsps (73, 

74).  

HspB1, HspB5 and HspB6 are HspBs known to be cytoskeletal protective so far (75, 76). HspB5 

(αB-crystallin) can be phosphorylated on serine59 by p38 which is downstream of RhoK, PKC and PKA, 

and therefore be activated. The activated HspB5 will associate to intermediate filaments, stabilizing and 

protecting the integrity of intermediate filaments, preventing aggregation (77, 78). Phosphorylated 

HspB1 (Hsp27) can also increase stress resistance of actin filament and therefore regulate the dynamic 

of actin filament (79). A special case is HspB6 which was considered not to interact with actin filaments 

directly (80) but which is thought to act as an actin-crosslinking protein (76).  

 

Cellular functions related to activities of sHsps 

Related to the two functions of sHsps described above, the (over)expression of some sHsps have 

been shown to be related to cell motility (81), which requires rapid and dynamic cytoskeletal remodeling, 

with relevance to e.g. differentiation (82) and cancer invasiveness and metastasis (83). In the eye lens, 

highly expressed HspB4 (α-A crystalline) and HspB5 (α-B crystalline) protect the gamma crystallins 

from aggregating due to UV-A (84) to prevent cataract. sHsps have also been suggested to buffer against 
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age related aggregation (85) and indeed in drosophila and C. elegans models, Hsp22 can increase 

organismal lifespan (86-88). Inversely, malfunctions or mutations in sHsps can give rise to cardiovascular 

diseases (89), and neuronal of muscular disorders (90, 91) that are often associated with protein 

aggregation. Also, in situations of acute and chronic stresses, sHsps have been implicated to have 

protective effects. Below, I will first explain what we imply with these terms and shortly summarize what 

role sHsps have been suggested to Hsps under each of these conditions.    

 

Disturbances in protein homeostasis  

Cells can become stressed after exposing to a variety of intrinsic and extrinsic forms of 

proteotoxicity that can either be acute or chronic (92). Here we review the disturbances in protein 

homeostasis caused by acute or chronic stress. 

 

Acute stress 

The acute stress here is referred as stress caused by relatively strong environmental changes within 

a relatively short period such as dramatic temperatures changes, oxidants, UV, chemical reagents or 

heavy metals. Acute stress generally activate unfolded protein response (UPR) or the heat shock response 

(HSR) in cell (93, 94). These responses will up-regulate specific chaperones and down-regulate ongoing 

processes that endangers protein homeostasis (e.g. rapid translation of risky proteome under stress factors) 

to restore the protein homeostatic balance (95). 

 

The Heat shock response (HSR) 

The HSR is a highly conserved, auto-regulatory transcriptional program which is upregulated by 

increased proteomic burden in the cytosol and nucleus (96, 97). It was discovered as response to elevated 

temperatures (98, 99), which is what gave it its name. Nowadays, we know that the HSR can be induced 

by a multitude of stress factors that either damage proteins or cause large changes in the proteome. In 

fact, it is one of the most conserved and strongest transcriptional response known (95, 100). 

The main transcriptional regulator steering the HSR is a transcription factor, HSF1 (heat shock 

factor 1). Under normal conditions, the activity of HSF1 is negatively regulated by Hsps (101). Under 

acute stress conditions, these Hsp’s will bind to unfolded proteins, allowing HSF1 to bind to heat shock 

elements (HSE) which are present in the promotor of heat shock proteins (Hsp’s) (102). This leads to the 

elevated expression of these Hsps, which can bind to and stabilize the cytoskeleton, refold misfolded 

protein or direct them towards degradation, hereby, restoring protein homeostasis and help cells to 

survive from the stress (103, 104).  
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Each family of Hsps has members that are up-regulated upon HSF-1 activation. However, it is 

important to realize that several members are not (54, 105). The same is true for the sHsp’s, of which in 

humans only HspB1, HspB5, and HspB8 are known to be up-regulated upon several stresses (heat stress, 

oxidative stress, dramatic changes of pH and exposure to toxic chemical) (106). Evidence that such 

indeed is relevant to resistance to acute stresses is provided that the single ectopic over expression of 

each of these members: HspB1 protects against cytoskeletal collapse (79) and enhances protein 

disaggregation of heat denatured proteins and can therefore protect against heat-induced cell death (57, 

107, 108) HspB5 was also known for its cytoskeleton protective function (77, 78). HspB8 can be 

recruited into stress granules (SGs) which are membrane-less ribonucleoprotein complex induced by 

acute stress. By forming HspB8-Bag3-Hsp70 complex, HspB8 maintain the function of SGs and direct 

clients to autophagy (109). 

 

Unfolded protein response (UPR) 

Another cellular response to acute proteomic stresses is the unfolded protein responses (UPR) in 

reaction to disturbances in the protein homeostasis in the endoplasmic reticulum (UPRER) or 

mitochondria (UPRMit) (94, 110). Also these responses can be triggered by external stimuli (e.g. 

hyperthermia, oxidants or other stress factors) or physiological requirements (e.g. B-cell differentiation 

inducing UPRER) (94).  

The UPRER consist of 3 different branches: these are the PERK, IRE-1 and ATF-6 regulated 

pathways that are each driving a series of cascades to pause translation, to activate specific ER and Golgi 

chaperones and to enhance degradative processes (activation of ER-associated degradation (ERAD) and 

autophagy). Relevant to this small HSPs is that so far the only sHsps that is activated by the UPRER is 

HspB8 (together with its partner BAG3) (109, 111). 

The UPRMit is a stress response reacts to the protein homeostasis imbalance in mitochondria. The 

UPRMit transmits the stress signal to nucleus to promote the expression of nuclear-encoded mitochondrial 

chaperones such as Hsp60, Hsp10 and mtDnaJ, and the protease ClpP, to rebalance mitochondria 

homeostasis (112-114). So far, no small HSPs are found in the mitochondria of mammalian cells. But in 

Drosophila, there indeed has at least one mitochondrial sHsp (DmHsp22) which has been shown to have 

protective effects in oxidative phosphorylation and be able to increase life span upon overexpression 

(115). Inversely, however, mammalian small HSP have been suggested to protect against mitochondrial-

dependent apoptosis (116) and to interrupt the caspase cascade downstream mitochondrial stress (117), 

suggesting that small HSPs may antagonize the (need of) the UPRMit in this way. 
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Translational response to acute stress 

One of the most prominent form of cytoplasmic proteotoxicity caused by acute stress is ribosomal 

stalling (118). Ribosomal stalling can due to low tRNA abundance, repetitive sequence, impaired co-

translational folding, or molecular misreading (stop codon read through) (118). Nascent chains on stalled 

ribosome are highly prone to form cytoplasmic aggregations (118). Under such condition, a ribosome-

associated quality control (RQC) system can be activated (119, 120). Under such situation, the stalled 

ribosome will be disassembled into 40s and 60s subunit, the later one contains the nascent protein. The 

nascent protein will then be labelled with poly-ubiquitin by Rqc2 and Ltn1 which is a specific E3 

ubiquitin ligase for ribosomal quality control system. The poly-ubiquitylated nascent protein will next 

be released from 60s subunit and be removed by the degradation pathways (121-123). 

In forms of external stress that affect polysomes, another translational response can be activated, 

which involved the sequestration of mRNA and RNA binding proteins in stress granules (SG) (124). SG 

are membrane less structures (phase separations) that are thought to store mRNA for a rapid regain of 

translation to maintain cell-survival after stress (125). Relevant to this thesis is that many sHsps can be 

recruited into SG as well as other membrane-less granules where they mainly play a role in ensuring the 

reversibility of the various proteins in such structure, for example, to prevent theses liquid structures to 

adopt a solid state (124, 126). 

 

Acute stress in breeding industry 

One of the many potential applications of the HSR is its protective implication in animals breeding 

industry. One of the most common forms of stress is hyperthermia exposure (127, 128). It was estimated, 

even in advanced countries like the USA, the annual loss in breeding industry caused by hyperthermia 

exposure can be as much as 2.4 billion dollars if no appropriate protection is used (129). One of the most 

impacted branches is chicken breeding. Poultry is more sensitive to high temperature because they are 

covered by feather, they have no sweat gland, and they are usually raised in crowded environments (129, 

130). For example, the heat wave the North America in 2006 resulted in the death of over 700,000 

chickens in California alone (131). Acute heat stress injury causes multiple organs failure; especially 

heart injury is regarded as a main lethal factor caused by hyperthermia exposure (132). Even more, those 

birds that survived from hyperthermia, had accumulated significant injury and lowered production 

capacities (133). So, means to alleviate the risk of heat stress injury in animals would have important 

impact, both for animal welfare and economic reasons. 

In this thesis, we attempt to activate the HSR by pharmacological means in order to preventing the 

following stress caused by hyperthermia in poultry. Below, a short summary on pharmacological 

activation of the HSR is provided. 
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Pharmacological HSR activators. 

Multiple pharmacological compounds have been identified to induce the HSR (134-138). These 

chemical compounds can be generally divided as two kinds. The first kind activate HSR by casting mild 

stress to cells. For example, proteasome inhibitor can increase the level of mis-folded protein in cell, 

hence, activate HSF1-HSE binding to induce Hsps (139). When condition is optimal, the HSR induced 

by appropriate amount of proteasome inhibitors, e.g. lactacystin and CEP1612, was reported that 

protectively suppressed the nuclear inclusion (140). Moreover, a metallic compound, stannous chloride, 

was found to be able to induce Hsp70 as a protectively anti-inflammatory reagent (141). However, 

inducing HSR by these stress inducers are apparently risky for reasons of the dosage and drug residue. 

It’s difficult to control every animal in the herd intake the same amount of drug from water or food, 

therefore, some animals can be poisoned by over-dosage while others might take in insufficiently. It’s 

also difficult to rule out the residual. The accumulation of these chemicals (for example, arsenite, a 

HspB5 inducer (142-144)) can contaminate animal products and jeopardize human food security. 

Another idea to activate the HSR is by assisting the expression of Hsps known as co-inducer. One of the 

typical compound is geranylgeranylacetone (GGA). GGA was developed as an antiulcer, later it was 

found to be a Hsps inducer that inhibited cell death and polyQ accumulation in spinal and bulbar muscular 

atrophy (SBMA) (145). Chemical studies reveal that GGA can be bonded by Hsp70, therefore, replace 

and release HSF1 to bind to HSE and activate Hsps transcription (146). Co-inducers are apparently better 

solution to protectively induce HSR, but the choices are limited by price, safety and efficiency in breeding 

industry  

However, acetylsalicylic acid (aspirin, ASA), another inducer of HSR has already proven safety as 

an antipyretic analgesic anti-inflammatory medicine (147), although its mode of activating the HSR has 

not been elucidated exactly (148). Given its effective Hsps induction function with relatively low side 

effects and low price (148, 149), we decided to specifically test whether pre-treatment with aspirin can 

protect chicken myocardial cells from the heat stress (Chapter 2). 

 

Chronic stress  

With the term chronic stress, we mean to imply long term exposure to relatively mild changes (e.g. 

expression of mutant polyQ proteins and aging). 

 

The cause of chronic stress 

Genetic mutation can cause loss of function or gain of toxicity in some specific proteins (150, 151). 

These disease proteins are not toxic enough to cause significant symptoms immediately, but will 

accumulate with aging until disease onset threshold (92). Several neurodegenerative diseases, for 
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example, Huntington’s disease (HD), can be considered as chronic stress. HD is an autosomal dominant, 

hereditary neurodegenerative disease, which is caused by the expression of a CAG expansion on the 

Huntingtin (Htt) gene, leading to an expanded polyglutamine (polyQ) stretch in Htt protein (152) (Figure 

2). Wild type Huntingtin (Htt), which exists in almost all cell types in humans, plays an important role 

in cell signaling and axonal transport (153-155). Targeted disruption of Htt in mice embryo was found to 

be lethal (153). Rather than a loss-of-function, the disease is thought to be due to a toxic gain-of-function: 

due to the chronic expression of the mutant Htt polyQ protein tend to form aggregates (152). The longer 

polyQ stretch is, the more is prone to form such aggregates. Yet, HD patients(156), but also several HD 

disease models (157) develop normally, are healthy at birth and only develop symptoms upon aging with 

an earlier disease onset when the expansions are longer (152). This indicates that the chronic exposure 

to the mutant protein can be dealt with early in life but that this ability to handle the mutant protein gets 

lost upon ageing.  

 

Figure 3. Model of Huntington’s disease.  

Extended CAG repeats in the Exon 1 of Huntingtin gene encoding extended poly glutamine (polyQ) in mutant 

Huntington protein (mHtt). mHtt can form inclusions larger than 2μm in neuro cells.  

 

As stated, the mHtt tends to aggregate; these aggregates can finally develop into amyloid fibrils and 

accumulate in inclusion bodies (IBs) (158, 159). There is still a debate on the toxic nature of aggregates, 

amyloids and IBs. Whereas sequestration of aggregates or amyloids into entities like IBs may have serve 

as temporal and protective storage (160), this does provide information on what type of aggregates 

(amorphic or amyloid) are more or less toxic. Clearly, it seems rather that reversibility is a more important 

determinant, which is now seen for both non-amyloidogenic aggregates (e.g. after acute stress (161)) and 
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for amyloids (as in chronic stress (162)). Moreover, the position of aggregates, amyloids or inclusion 

within cells may be more important for toxicity than their precise biochemical nature: e.g. whilst 

inclusion body in the soma or nucleus of neurons (163, 164), aggregates or inclusions in axonal 

protrusion (e.g. ballooned neurons:(165)) will have dramatic detrimental consequences for neuronal 

functioning: indeed axonal trafficking seems one of the early events associated with aggregation in 

neurodegenerative diseases (166). Finally, the surface characteristics of the diverse forms of aggregates 

and how they interact with cellular constituents or how they may lead to trapping of essential proteins or 

protein quality control components may (co)determine their toxic nature (158).   

Aggregation can be both the cause and the consequence of the impairment of protein homeostasis 

(160). On the one hand, the misfolded protein or aggregation will overwhelm the protein quality control 

(PQC) system which is highly connected to HSF1 (167, 168), and imbalance the protein homeostasis 

(160). On the other hand, aging can weak the PQC. Then polyQ proteins cannot be degraded in time, and 

start to accumulate and aggregate (169).  

 

Chronic stress rescue 

Unlike acute stress that rapidly induce multiple stress response pathways, chronic forms of stress 

usually do not activate these pathways, at least not until most damage has been done (170). Below, we 

will shortly summarize pathways that control the constitutive activity of protein quality control regulating 

transcription factors.  

 

Insulin/IGF1 pathway 

The insulin/insulin growth factor 1 (IGF1) signaling (IIS) pathway is one of the most important 

pathway for regulation protein homeostasis under non-stress conditions (171). Reduced IIS can prolong 

life span and increase stress resistance, including resistance to the chronic expression of aggregation-

prone proteins (172-174). 

There are two major protein quality control-related transcription factors, HSF1 and FOXO1 that are 

regulated by the IIS pathway (171, 175). The basal activities of both of these are inhibited when the IIS 

is active, while basal activities of both HSF1 and FOXO1 are induced when IIS is inactivated (e.g. under 

caloric restriction or upon receptor deletion) (176-179). Intriguingly, the sole activation of either HSF-1 

or FOXO1 (with or without stress) suffices to cause longevity and resistance to chronic stress (173, 180). 

Whereas, the effects of HSF-1 activation are considered to be due to activation of several heat shock 

proteins, but precise understanding how FOXO1 mediates its effects is yet not well understood.  

FOXO1 is a member of family of Forkhead box protein. Its ortholog in C. elegans, DAF16, has 

been suggested to up-regulate the small HSPs, HSP-16 (181, 182). Some member of the small HSPs 
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family, for example, HspB7 can prevent polyQ aggregation and rebalance the protein homeostasis (54, 

183). Moreover, the mammalian FOXO1 itself has been linked to autophagy which is the major pathway 

for aggregation clearance (184). In C. elegans, DAF-16 (the homolog of FOXO1) is also related to 

extended life span and the protection against polyQ aggregation in a sHSP related manner (181). However, 

whether and how FOXO1 plays a role in resistance to chronic stress like the handling of misfolded 

proteins in mammalian cells has remained unexplored.   

HSF1 (heat shock factor 1) is another transcriptional regulator downstream of IGF1 and is a center 

player of the HSR (185). HSF1 responds to multiple stress factors and upregulates the expression of a 

series of HSP family members such as HSP70, HSP90 and some HSPBs, therefore, contributes to the 

protein homeostasis by mediating chaperone mediated refolding and protein degradation (185). However, 

although clearly having protective effects in acute stress (186), the role of HSF-1 in chronic stress is less 

clear. Whereas HSF-1 activation is protective in both of C. elegans (180) and Drosophila (187), it seems 

less or ineffective in mammalian cell (187)  and animal systems(188) . HSF-1 regulated HSP like 

HSPA1A that are rate limiting in protecting in acute stress (189-192)  and do not reduce polyQ 

aggregation (105, 193, 194) or only seem to ameliorate the toxic consequences of aggregation (194).  

Within the family of small HSP, those regulated by HSF-1 (HSPB1, HSPB5, HSPB8) have no or 

only minor effects on polyQ aggregation (54, 195). However, a non-canonical HspB members, HspB7, 

that is not under regulation of HSF-1 has been found to reduce polyQ aggregation (183). Unlike most 

HspBs, HspB7 does not form oligomers and seemed to work independently of Hsp70 machinery and 

does not seems to act in acute stresses conditions, as it e.g. does not assist in refolding of heat-unfolded 

luciferase (54). In chapter 3, studies how HspB7 acts in chronic stress conditions polyQ aggregation. 

 

Insulin/IGF2 pathway 

Besides IGF1, mammalian cells express a second insulin like growth factor, IGF2 which is less well 

studied. IGF2 has been mainly connected with the development of cancer and cardiovascular diseases 

(196). IGF2 preferentially binds to IGF type 2 receptor (IGF2R) (197), but also binds to the IGF type 1 

receptor (IGF1R) (197). Recently, the group of Claudio Hetz demonstrated that the ER-related 

transcription factor XBP1 is IGF2 regulated. Inversely, IGF2 is one of the major genes upregulated in 

XBP1 knockout mice/cells. Most strikingly, IGF2 was also protective in a model of Alzheimer’s disease 

(198). How IGF2 exerts these effects and whether or not these are similar to or overlapping with effects 

related to IGF1 has yet to be established and will be addressed in chapter 5. 
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The outline of this study 

The aim of this thesis is to study the regulation of protein homeostasis in acute and chronic stress. 

For acute stress, we tried to evaluate the possibility of using aspirin pre-treatment to reduce heat stress 

injury on chicken myocardial cells in breeding industrial. The hypothesis is that appropriate pre-

treatments with ASA can activate the expression of HSPs in the myocardial cells of chicken in a non-

toxic manner such that the myocardial cells are protected against temperature induced cytoskeletal 

collapse. 

For chronic stress, we addressed how cells can handle the chronic expression of a mutant Huntingtin 

(mHtt) protein and prevent its toxic aggregation. We focused on HSPB7, a non-canonical, non-HSF-1 

regulated small HSP which previously was found to be the best of all human HSPB members in 

suppressing polyQ aggregation (54). First, we unraveled the molecular mechanism behind this specific 

functionality of the HSPB member. Second, we asked whether any small HSPs could be one of the target 

proteins of the Insulin/IGF pathway that is responsible for the protective effects of these pathways in 

polyQ diseases or whether other mechanisms may (also) underlie their actions.
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Abstract: 

Heat stress injury causes considerable loss in breeding industry annually. In this research, we tested 

whether heat stress-induced myocardial cell damage can be prevented by aspirin (ASA) pre-treatments 

and if this is associated with an aspirin-induced up-regulation of heat shock proteins (Hsps). Primary 

cultured chicken myocardial cells and SPF chickens were used to build in vitro and in vivo stress models. 

Cytopathological lesions as well as myocardial cell damage-related enzymes, such as creatine kinase-

MB (CK-MB) and lactate dehydrogenase (LDH) in cultural media or blood, were used to monitor 

myocardial cell injury. All myocardial cell injury indicators revealed aspirin pre-treatments reduced heat 

stress injury both in vitro and in vivo. However, aspirin’s protective function against heat stress was 

suppressed when the induction of heat shock proteins was inhibited. These results indicated the potential 

value of aspirin pre-treatments as an anti-heat stress solution and it can be related to the induction of heat 

shock proteins.  

 

Key words: Heat stress, Aspirin, Heat shock proteins, Chicken, Myocardial cell  
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Introduction 

The breeding industry has been suffering from great economic losses due to the seasonal climate in 

many regions (1, 2). Even in a developed country as United States, it was estimated that $2.4 billion loss 

is due to non-protection from heat exposure ($897 million, $369 million, $299 million and $128 million 

for dairy, beef, swine and poultry industries, respectively) (2). High temperature exposure leads to 

dysfunction in multiple organs, including the heart, one of the most important organs in multicellular 

organisms (3). Such myocardial injury is believed to be responsible for sudden death induced by heat 

stress (4, 5). Even in animals that survived from heat stress, acute intracorporal damage would affect the 

breeding industries. In fact, due to feather cover, lack of perspiratory glands and fast growth in modern 

commercial breeding facilities, poultry species, such as broiler chickens are more defenseless to high 

temperatures than mammals (2, 6, 7). Thus, developing a feasible solution to protect animals, especially 

poultry species such as chickens, from heat stress is an important aim.  

To survive from HS, organisms from fungi to mammals have evolved endogenous anti-HS injury 

systems (8). Across both organs and species, these systems include heat shock proteins (HSPs) (8, 9). 

Previous studies have asserted that some HSPs possess potent stress resistance activities, particularly 

HspB1 (10, 11), HspD1 (12), HspA1A (13, 14), and HspC1 (15). A number of researchers believe that 

heat stress damage can be largely diminished if the Hsps are appropriately induced (8, 9). Under natural 

circumstances, many stimuli such as oxidation (16, 17), ultraviolet radiation (18), and hyperthermia are 

capable of inducing Hsps. Scientists have attempted to develop various strategies to induce Hsps in 

stressed animals via physical, chemical, and biological stimulation; however, most of these attempts were 

either too costly or produced limited benefits, and some even resulted in higher mortality rates than HS 

itself (19-21). Acetyl salicylic acid (ASA), also known as aspirin, is widely used for its broadly 

therapeutic anti-inflammatory and antipyretic properties. ASA has heart protective functions that were 

initially considered to act through platelet interactions (22). Although non-aspirin nonsteroidal anti-

inflammatory drugs (NSAIDs) have anti-inflammatory and antiplatelet properties similar to aspirin, few 

of them induce the same myocardial protective effects against acute myocardial infarction (AMI) (23). 

Therefore, it is possible that ASA confers heart protection by another mechanism. ASA induces different 

HSP family members in different species (24-26), including HspB1 (27) . Because Hsps are widely 

believed to protect against cell injury caused by different stress factors, it is reasonable to consider that 

ASA may protect against myocardial injury from heat stress by inducing one of the Hsps. In fact, previous 

studies have suggested that ASA helps to reduce stress injury in a manner closely related to the heat 

shock response (26-28). 

This research is aimed to test if aspirin can prevent heat stress induced myocardial cell injury in 

vitro and in vivo stress models. To study the connection between aspirin-induced heat stress resistance 
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and HSPs induction, we used BAPTA-AM as a Ca2+-chelating agent, a treatment that was recently shown 

to inhibit some HSPs (29-33). Our data show that aspirin pretreatment indeed has cytoprotective effect 

against heat stress injury and suggest that induction of Hsps can be important to this protective effect.  

 

Results 

Aspirin (ASA) pretreatment prevented heat stress injury in primary cultured chicken 

myocardial cells 

To evaluate the heat stress injury in primary cultured mycardial cells with or without ASA 

pretreatments, CK-MB, LDH and cytopathological observation were used as indicators. Upon exposure 

to heat stress, the permeability of the myocardial cell membrane increases and leads to the extracellular 

release of a series of enzymes, including CK-MB and LDH. These enzymes are generally used as 

cardiomyocyte damage-related enzymes (34-37), especially CK-MB. Heat shock resulted increases in 

CK-MB and LDH in the supernatant of myocardial cells (Figure 1, A and B). Cell pre-treated with aspirin 

(ASA) displayed lower level of CK-MB and LDH at most of the time points. This indicated ASA 

pretreatments reduced heat stress injury on primary cultured chicken’s myocardial cells (Figure 1, A and 

B). 

Additionally, cytopathological analysis of the primary cultured chicken myocardial cells after heat 

treatment revealed acute vacuolar degeneration in the cytoplasm of myocardial cells immediately upon 

exposure to heat shock. This vacuolar degeneration, accompanied by granular degeneration, developed 

as the period of heat stress was prolonged and finally led to karyopyknosis and inadherence, after 15 

hours of heat exposure (Figure 1C). In the ASA-pretreated group, vacuolar and granular degeneration 

could be observed in the cytoplasm of the myocardial cells after 1 h of heat stress exposure, but the 

degeneration was reduced compared to that in the HS group and no major pathological lesions were 

observed in the myocardial cells of the ASA-HS group after 15 hours of heat treatment. Without heat 

stress involved, no obvious pathological change was observed in the ASA group from the beginning to 

the end of the experiment (Figure 1, C).  

Together, these results indicated ASA pretreatments reduced heat stress injury in chicken 

myocardial cells in vitro. 

 

Inhibition of Aspirin-Induced HS Resistance by BAPTA-AM 

Aspirin has been suggested to induce the heat shock response, leading to the up-regulation of Heat 

Shock Proteins. Indeed, the induction of several HSPs was enhanced by non-toxic ASA pre-treatments 

(1 mg/ml) compared to heat shock alone (Figure 2A, compare circles and squares). This suggested that 

the induction of these HSPs may be responsible for the ASA-induced heat stress resistance and Hsps. To 
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test this, we employed the heat shock response inhibitor, BAPTA-AM, (29-33) at non-toxic conditions 

BAPTA-AM (18 μM). Whilst BAPTA-AM alone did not significantly alter HSP levels (Figure 2 A, 

diamonds), it clearly reduced the ASA-induced elevation in the expression of all HSP tested (Figure 2 A, 

triangles) 

 

Next, we asked whether BAPTA-AM also reversed the protection of ASA against heat induced 

damage by measuring again the release of CK-MB and LDH in the supernatants of primary cultured 

myocardial cells and the cytopathological observations as before. Treatment of cells with BAPTA-AM 

did not increase heat-induced damage to the cardiomyocytes (Figure 2B, C). When combining BAPTA-

AM with ASA treatment, the protective action of ASA against heat damage was completely suppressed 

reflected by both increased as CK-MB and LDH release (Figure 2B) as well as stronger histological 

damage (Figure 2C).  

 

ASA pretreatment prevented heat stress injury in chicken myocardial cells in vivo 

Having established that ASA could prevent agains heat damage in vitro, we next tested if ASA 

pretreatment could also reduce heat-induced injury in animals. Hereto, the levels of the same 

cardiomyocyte damage-related enzymes, CK-MB and LDH, were analyzed in the serum of chickens and 

Figure 1, ASA pre-treatment reduces heat stress 

caused damage on primary cultured chicken 

myocardial cell. 

Cells in ASA-HS group were treated with ASA 2 h in 

advance (-2 h). Then cells in both groups were exposed to 

heat stress. A and B, Variation of CKMB and LDH in cultural 

media. ** P < 0.01; * P < 0.05. C, Representative 

cytopathological images of chicken myocardial cells 

following heat exposure. Hematoxylin and eosin staining. 

Scale bar = 10 μm. HS group: No obvious pathological 

change was found before heat stress exposure (0 h). 

However, since being exposed for 1 hour, myocardial cells 

displayed acute vacuolar degeneration, and such injury 

developed into karyopyknosis and inadherence since 15 

hours heat exposure. ASA-HS group: Degeneration can be 

observed since 1 hour heat exposure and maintained until 

15 h. But the degeneration was obviously slighter than that 

in the HS group.  
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showed substantia increases after exposure to various periods of heat (Figure 3, A B). Indeed, also in 

vivo application of ASA conferred a substantial protection against heat-induced cardiac injury (Figure 3 

A and B).  

 
Figure 2, ASA induced heat stress resistance can be suppressed by blocking Hsp induction. 

A, The expression of HSPs (HspB1, HspD1, HspA1A, and HspD1) in different groups, cells in HS group were 

exposed to heat stress from 0 h; cells in A group were treated with ASA 2 hours before heat stress (-2 h); cells in B 

group were treated with BAPTA-AM 2 hours before heat stress (-2 h); cells in A+B group were treated with both of ASA 

and BAPTA-AM 2 hours before heat stress. HSPs expressions at 0, 2, and 5 h were compared with the baseline level 

(-2 h), ** P < 0.01; * P < 0.05. B, Cytopathological image of cells exposed to heat stress without any pre-treatments. C, 

Cytopathological image of cells exposed to heat stress with ASA pre-treatments 2 hours in advance. D and E, Variation 

of CKMB and LDH in HS group and A group. F, Cells in A+B group which is treated with ASA and BAPTA-AM 2 hours 

in advance displayed serious cytopathological damage after heat stress exposure. G and H, Level of CKMB and LDH 
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in A+B group also indicated cells were injured after heat stress exposure. 

 
Figure 3, ASA pre-treatment reduces heat stress injury in chicken’s myocardial cell in vivo. 

Chickens in ASA-HS group were administrated with ASA orally 2 h in advance (-2 h). Then cells in both groups 

were exposed to heat stress. A and B, variation of CKMB and LDH in serum, ** P < 0.01; * P < 0.05. C, Representative 

histopathological images of chicken myocardial cells following heat exposure. Hematoxylin and eosin staining. Scale 

bar = 10 μm. HS group: By 5 hours, acute degeneration in numerous vacuoles (↑) was observed in the myocardial 

fibers. Some nuclei within myocardial cells appeared shrunken and dull-stained, characteristic of karyopyknosis (→). 

At later time points, several nuclei displayed the characteristics of karyopyknosis (→) suggesting that acute injury 

remained in myocardial cells by 15 hours. ASA-HS group: By 5 hours there was no significant injury except for acute 

degeneration observed by myocardial cells morphology at later time points. 

 

In line, the histopathological damage revealed after heat shock was dramatically reduced in ASA 

pretreated animals (Figure 3C). In the heat only group, the myocardial cells became swollen in shape 

after 1 hour heat exposure and some nuclei appeared shrunken and dull-stained, characteristic of 

karyopyknosis 5 hours after heating and vacuolar degeneration was observed among the myocardial after 

15 hours. Chickens that were given ASA prior to heat exposure also displayed swollen myocardial cells 

with vacuolar degeneration after 1 hour of heat stress treatment, but except for the vacuolar degeneration 

at 1 hour, there was no significant injury in myocardial cells at later time points in this group.  

 

Discussion 

Here, we show that Aspirin (ASA) pretreatment reduces heat-induced myocardial cell damage both 

in vivo and in vitro. Our cellular data furthermore reveal that the ASA-related increased expressions of 

HSPs was key to its protective effects as the ablation of this response by BAPTA-AM also negated the 

damage protection of the ASA treatment. Resistance to HS injury has been often related to elevated HSP 

expression (8, 38). In the heart, especially small HSP have been suggested to been crucial for a proper 

maintenance of cardiac function (11, 38). Indeed, of the HSP tested here, especially the expression of 
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HspB1was elevated most (i.e by over one order of magnitude compared to the baseline level). In fact, 

the overexpression of HspB1 has been reported to attenuate cardiac dysfunction in transgenic mice (11).  

The finding of BAPTA-AM as a potent inhibitor of ASA-induced HSP expression and heat stress is 

striking. BAPTA-AM is known as an intracellular Ca2+ chelating agent (39, 40). This leads to a novel but 

reasonable hypothesis that intracellular Ca2+ might be involved in ASA-induced upregulation of Hsps. 

Although the complex relations between ASA and intracellular Ca2+ remain unclear (41-43), some 

studies have indicated that ASA acts at sites beyond the adenylate cyclase/cAMP system and before the 

proton pump (44). And in fact, many biological effects may be related to such ASA-induced increases in 

Ca2+ (45, 46). Intracellular free Ca2+ increased by heat stress could increase the complex formation 

between heat shock transcriptional factor (HSF) and heat shock elements HSE, hereby activating the heat 

shock response (47, 48). Besides activating the heat shock response, increased Ca2+ levels have also been 

reported to activate kinase or phosphatase that can lead to the phosphorylation of a series of proteins 

including HspB1 (49). Phosphorylated HspB1 will de-oligomerize into dimers which is the activated 

form of HspB1. This could be an alternative and non-exclusive contributor to the protective effect evoked 

by the ASA pretreatment (50-52). However, this require further research.  

 

Materials and Methods 

Cell stress model  

Primary cultured chicken myocardial cells were provided by Shanghai Fu Meng Biological 

Technology Ltd (Shanghai, China). Cells were cultured (37°C and 5% CO2) on the petri dishes for 72 h 

until the fusion rate was higher than 90%. The cell culture medium contained 20% fetal bovine serum 

(FBS, Hyclone, Logan, UT, USA), 100 IU penicillin and streptomycin (HyClone, Logan, UT, USA) in 

Dulbecco’s modified Eagle’s medium (Thermo Scientific, Waltham, MA, USA). Heat stress were given 

by water bath (40 ± 1°C). After treatments, at each time point, the supernate of the cell culture media 

from each group was collected, and myocardial cells were harvested. Samples for ELISA and enzymes 

detections were frozen in liquid nitrogen. The working concentrations of aspirin (1 mg/ml) and BAPTA-

AM (18 μM) were measured by MTT assay in a preliminary experiment (data not shown). Aspirin 

powder (>98% purity) and BAPTA-AM powder (>95% purity) were purchased from Sigma, St. Louis, 

MO, USA. Additional cells were also cultured on poly-L-lysine (PLL) treated glass coverslips (Sigma, 

USA) for pathological analyses.  

 

Animal stress model 

One-day-old specific pathogen free (SPF) chickens were purchased from Qian Yuan Hao 

Biotechnology Company, Nanjing, China and raised in an air chamber (GJ-1, Suzhou Fengshi Laboratory 
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Animal Equipment Co. Ltd, China) at constant temperature (25 ± 1℃). The entire chicken population 

was vaccinated against Newcastle disease (ND) and infectious bursal disease (IBD) on the 7th and the 

14th days, respectively. The birds were given 30 days to acclimate to their new housing and to recover 

from environmental stress. Heat stressed were given by rapidly and gently shifting the animals 25 ± 1℃ 

to a preheated air chamber 40 ± 1℃ with 60% ~ 70% humidity. During the experiment, birds were 

allowed free access to food and water ad libitum during heat stress exposure. After collecting 10ml blood 

samples, 10 chickens stood for 10 biological repeats were sacrificed humanely by decapitation at each 

time points all the groups. Heart samples were collected. Each heart specimen was cut into two pieces 

from the medial axis, one half was fixed in 10% formalin for morphological studies while another one 

was frozen in liquid nitrogen for ELISA and enzymes detections. The heat-stress experiment adhered to 

the guidelines of the regional Animal Ethics Committee and was approved by the Institutional Animal 

Care and Use Committee of Nanjing Agricultural University. 

 

Experimental process 

Primary cultured cells or animals were divided into three groups: HS group (heat stress challenge), 

ASA-HS group (pretreated with ASA before heat stress) and ASA group (treated with ASA alone). 

Except for cells or animals in the HS group, those in the ASA-HS group and the ASA group were  

Administered ASA 2 h before the heat stress phase. This time point was marked as -2 h. As soon as 

the heat stress phase began, myocardial cells in the ASA group were maintained under normal conditions 

and served as one of the control groups (non-heated cells); meanwhile, the other two groups, the HS 

group and the ASA-HS group, were exposed to heat stress for different time span (0, 1, 2, 3, 5, 7, 10, 15 

and 24 h). 

 

Detection of enzymes associate with heart damage 

Supernatants of cultured cells or serum (1.5 mL) was collected from chickens after exposure to the 

treatments described above. The LDH and CK-MB enzyme activities were measured according to the 

manufacturer’s instructions (Nanjing Jiancheng Biochemical Reagent Co. Ltd., Nanjing, China) with a 

clinical biochemical indicator auto-analyzer (Vital Scientific NV, The Netherlands). Each sample was 

analyzed five consecutive times. 

 

Pathological observation 

For cytopathological tests, myocardial cells cultured on PLL-pre-treated coverslips in vitro were 

fixed in paraformaldehyde overnight and were washed with PBS (pH 7.4) twice before staining. Heart 

tissue samples were obtained and preserved in 10% formalin. The samples were embedded in paraffin 
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and then cut into 5-µm-thick serial sections. All sections were stained with hematoxylin and eosin (H&E), 

and the images were obtained using a light microscope. 

 

ELISA Assays 

Total proteins were extracted using RIPA lysis buffer (WB-0071, Dingguo Changsheng 

Biotechnology Co., Ltd., Nanjing, China). Concentrations of total proteins were measured using a Micro 

BCA assay kit (BCA01, Dingguo Changsheng Biotechnology Co., Ltd., Nanjing, China) and samples 

were diluted with lysis buffer to normalize the protein loading amounts. The concentrations of four HSPs 

(HspB1, HspD1, HspA1A, and HspC1) were measured by ELISA kits according to manufacturer's 

instructions (MBS700383 for HspB1, MBS737544 for Hsp60, MBS704670 for Hsp90, and MBS740753 

for Hsp70, MyBiosource, USA). 
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Abstract:  

HSPB7 is a unique, relatively unexplored member within the family of human small Heat Shock Proteins (or 

HSPBs). Unlike most HSPB family members, it does not oligomerize and so far has not been shown to associate 

with any other member of the HSPB family. Intriguingly, it was found to be the most potent member within the 

HSPB family to prevent aggregation of proteins with expanded polyglutamine (polyQ) stretches. How HSPB7 

suppresses polyQ aggregation has remained elusive so far. Here we show that this activity is fully dependent on 

the flexible N-terminal domain (NTD) of HSPB7. The NTD of HSPB7 is both required for association with and 

inhibition of aggregation of polyQ. Remarkably, replacing the NTD of HSPB1, which itself cannot suppress polyQ 

aggregation, by the NTD of HSPB7 resulted in a hybrid protein that gained anti-polyQ aggregation activity. The 

hybrid NTDHSPB7-HSPB1 protein displayed a reduction in oligomeric size and, unlike wild type HSPB1, 

associated with polyQ. However, data using phospho-mimicking HSPB1 mutants revealed that de-

oligomerization of HSPB1 alone does not suffice to gain polyQ aggregation inhibiting activity. Together, our data 

reveal that the NTD of HSPB7 is both necessary and sufficient to bind to and suppress the aggregation of polyQ 

containing proteins.  

 

Key words: HSPB7, polyglutamine aggregation, N-terminus, HSPB1, oligomerization  
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Introduction 

Small heat shock proteins (HSPBs) are described as a series of small molecular size chaperones composed 

of a flexible N-terminal domain (NTD) and a flexible C-terminal domain (CTD) flanking a conserved α-crystallin 

domain (ACD) (1-3). The human family of HSPBs is comprised of 10 members (1). Most of these form highly 

dynamic oligomeric complexes (3, 4). Besides forming homo-oligomeric complexes, some HSPBs can also form 

hetero-oligomers with specific other HSPBs (4, 5). Exceptions to this paradigm are HSPB8, which forms a 

chaperone complex with BAG3 and Hsp70 (6, 7), and HSPB7 which has no known other chaperone partners and 

does not form large oligomers (7, 8).  

Unlike the human oligomeric HSPB family members, HSPB7 overexpression does not enhance the cellular 

capacity to refold heat-unfolded luciferase (8) nor leads to suppression of the heat-inducd aggregation of cytosolic 

proteins (9). Instead, within the human HSPB family, HSPB7 is the strongest suppressor of aggregation of 

polyglutamine containing proteins (8) that cause diseases like Spinocerebellar Ataxia’s, Kennedy’s disease, and 

Huntington’s disease (HD) (10, 11). These diseases are caused by expansions of CAG triplet repeats coding for 

abnormally long polyglutamine (polyQ) stretches (11). The size of these expansions are inversely correlated with 

the onset age of these diseases and to the aggregation propensity of the respective proteins (10). Unlike heat-

induced aggregates that are generally driven by hydrophobic interactions (12), polyQ aggregation is suggested to 

be driven by hydrogen bonding and beta-hairpin structures (13, 14) potentially explaining the different 

dependence on chaperone activity for suppression of polyQ aggregation. However, why HSPB7 stands out as 

most potent suppressor of polyQ aggregation within the HSPB family, has remained an enigma. Previously, we 

showed that HSPB7 requires (macro) autophagy for its suppressive action on polyQ aggregation (8). However, 

HSPB7 differs from other autophagy related suppressors like Alfy, as it cannot act on preformed aggregates to 

fullfill its function (15). One model that explains this finding predicts that HSPB7 is present during aggregate 

formation and binds these protofibrils to maintain early aggregates in a state competent for processing by the 

autophagic machinery (16).  

In this manuscript, we investigated which characteristics of HSPB7 are required to chaperone polyQ proteins 

and prevent their aggregation. HSPB7 acts directly on the aggregation process as recombinant HSPB7 can delay 

in vitro polyQ aggregation, whereas HSPB1 cannot. HSPB7 acts mainly on regions flanking the polyQ and not 

on the amyloid core itself. In cells, this remarkable suppression depends on the N-terminus of HSPB7 that is 

predicted as an intrinsically disordered region. While the N-terminus by itself is not capable of supressing 

aggregation, fusion to the alpha crystallin domain of HSPB1 results in a hybrid protein with polyQ anti 

aggregation properties. In summary, the full and unique N-terminal domain is key to the specific ability of HSPB7 

to inhibit polyQ aggregation. 
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Results 

The full NTD is required for HSPB7 to prevent polyQ aggregation 

Within the HSPB family, cell-based analyses had revealed that HSPB7 stands out as a chaperone that is the 

most capable to prevent aggregate formation by amyloidogenic polypeptides including polyglutamine (polyQ) 

containing proteins (8). First, we asked whether this protective function of HSPB7 against polyQ aggregation seen 

in cells is related to a direct action of the chaperone on the substrate. Hereto, we incubated a purified exon-1 

fragment of mutant Huntingtin with 48 glutamines (mHttQ48) with either purified HSPB7 or HSPB1 (with 

HSPB1 acting as control as it is unable unable to protect against polyQ aggregation in cells (8)). Analysing the 

ratio of soluble:insoluble mHttQ48 by gel-electrophoresis (9), we found that with time, the amount of soluble 

mHttQ48 declined and appeared as aggregated material in the stacking gel (Figure 1, A, B). The rate of decline in 

the soluble : insoluble ratio of mHttQ48 was unaffected by co-incubation with HSPB1 but clearly slowed down 

by the presence of HSPB7 (Figure 1, A, B) meaning that HSPB7 acts directly on the aggregation process.  

Next, we asked what structural characteristics in HSPB7 specifies this activity towards suppressing 

aggregation of polyQ proteins. The NTDs and CTDs of HSPBs display the highest level of variability and have 

been suggested to be crucial for their differential function (17, 18). Our earlier data had revealed that the CTD of 

HSPB7 is not required for its activity to prevent polyQ aggregation (8). So, we focused our attention on the NTD 

of HSPB7 and noted a serine-rich stretch (SRS) (Figure 1, C and Supporting Information 1, A) that is not found 

in other HSPB members. Interestingly, a serine-rich stretch has been identified as a crucial segment in the ability 

of DNAJB6, a Hsp70 co-chaperone, to suppress polyQ aggregation (19, 20). Although structurally distinct 

(Supporting Information 1, A) we first set out to test the importance of the NTD in HSPB7, and in particular its 

SRS, in its action to supress polyQ aggregation by generating a series of NTD truncations of HSPB7 mutants 

(Figure 1, C) that we co-expressed in cells together with a exon-1 fragment of Huntingtin with 74 glutamines 

tagged to GFP (mHttQ74-GFP). In contrast to our speculations, deleting the SRS from HSPB7 (v5-HSPB7△S17-29) 

did not result in a loss of its anti-aggregation activity (Figure 1, D-F), despite its relatively lower expression as 

compared to that of wildtype HSPB7 (Supporting Information 1, B). However, a gradual decline in anti-

aggregation activity was found upon progressive NTD deletion with the complete deletion of the NTD (v5-

HSPB7△73), being inactive (Figure 1, D-F, Supporting Information 1, B). None of the HSPB7 variants caused an 

induction of the heat shock response, evidenced by the absence of induced expression of HSPA6, an exclusive 

HSF-1 regulated chaperone (21, 22) (Supporting Information 1, C). Also the HSF-1 regulated chaperone DNAJB1, 

that -when overexpressed alone- can also lead to suppression of polyQ aggregation in these cells (23, 24) was not 

elevated by the expression of any of the HSPB7 variants (Supporting Information 1, C), implying that it is unlikely 

that their (remaining) protective effects are due to upregulation of endogeneous stress responses. Finally, 

endogenous expression of HSPB7 is undetetcable in these cells irrespective of expression of the HSPB7 variants 
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(not shown) implying that protective effects of the mutants cannot be attributed to formation of complexes 

between full length endogenous and the ectopically expressed HSPB7 variants. 

 
Figure 1. Direct interaction with and prevention of polyQ protein aggregation by HSPB7 is dependent on its full NTD. 

A-B, HSPB7 prevents mHttQ48 aggregation in vitro. A purified exon-1 fragment of Huntingtin (mHttQ48) was incubated 

without chaperones or with either HSPB7 or HSPB1 for 0-5 hours at 37 ℃ and processed on SDS-PAA gels. A, Soluble mHttQ48 

was detected by western blot using anti-polyQ antibody (upper row). Soluble and insoluble mHttQ48 as well as HSPBs levels 

were also detected by SYPRO orange staining of the SDS-PAA gels (lower row). “C” means control in which HSPB1 or HSPB7 

were incubated at 37 ℃ for 5 h without mHttQ48. B, Quantification of the ratio of soluble to insoluble mHttQ48. C, Schematic 

representation of HSPB7 NTD truncated mutants. D, Filter trap assay (FTA) of the effects of HSPB7WT or NTD truncated mutants 

on polyQ (mtHttQ74) aggregation in HEK293 cells (left). Control samples were transfected with mRFP. Quantifications are shown 

on the right, normalized to control (= 1.0). E, Quantification of cells displaying mHttQ74-GFP aggregates when expressed together 

with mRFP (control =1.0), HSPB7WT or its mutants. F, Representative immunofluorescence pictures of HEK293 cells expressing 

mHttQ74-GFP with control plasmid (mRFP) or together with HSPB7WT or its mutants (bar=100 μm, zoom in upper right, dotted 

lines indicate the cell outlines). G, Immunofluorescence staining of HEK293 cells co-expressing mHttQ74-GFP (green) with v5-

HSPB7WT (upper row in red) or v5-HSPB7Δ73 (lower row in red). Bar = 10 μm. H, Co-immunoprecipitation of HSPB7WT but not 

HSPB7Δ73 with mHttQ74-GFP. Western blot with the indicated antibodies is shown. All experiments were repeated at least three 

times. Data are presented as mean ± SD. “ * ” = P<0.05, “ ** ” = P<0.01. 
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Fusing the NTD of HSPB7 to polyQ does not prevent polyQ aggrgation 

Three algorithms designed to predict  intrinsically disordered regions (25, 26) suggest that the NTD of 

HSB7 is highly disordered (Supporting Information 1, D) and reminiscent of proteins involved in phase separation 

(27-29) In fact, HSPB7 has been shown to be associated with intranuclear RNA speckles (SC35 speckles) and the 

fusion of its NTD to other small HSPBs like HSPB1 (of which the NTD is less disordered: Supporting Information 

1, D and E) suffices to drive their association with these SC35 speckles, suggesting it might induce phase 

separation of the proteins it interacts with to prevent amyloidogenesis (30). Whereas for polyQ proteins, a 

protective role for chaperone-mediated phase separation has not been established, it has been speculated that in 

yeast compartmentalization of polyQ proteins into so-called insoluble protein deposit (iPODs) may have 

physiological, cell protective relevance (31, 32). In HEK293 cells, wild type HSPB7 (v5-HSPB7WT) indeed 

colocalizes with mHttQ74-GFP inclusions and this co-localization is much reduced for the NTD deletion mutant 

(v5-HSPB7△73) (Figure 1, G). Moreover, whereas full length HSPB7 was bound to mHttQ74-GFP in co-

immunoprecipitation experiments the NTD deletion mutant (v5-HSPB7△73) was not (Figure 1, H). This could 

suggest that binding of HSPB7 to polyQ proteins drives its phase separation and hence prevents its aggregation 

into SDS-insoluble amyloids. Our initial attempts to co-express mHttQ74-GFP with only the NTD of HSPB7 

(NTDHSPB7) failed as the NTD alone is not stable when expressed in cells (Supporting Information 2, A). To test 

whether the predicted major IDR fragment of HSPB7 suffices to prevent polyQ aggregation, we therefore tagged 

the polyQ fragment directly with the NTD of HSPB7 (Figure 2, A-D, Supporting Information 2, B). However, for 

both fragments with either 43 or 74 CAG repeats, tagging with the NTDHSPB7 did not prevent polyQ aggregation, 

but rather enhanced it. (Figure 2, A-D). These data imply binding of HSPB7 to polyQ proteins and a putative 

subsequent phase separation driven by its NTD as such is insufficient to prevent polyQ aggregation. Direct fusion 

of the full length HSPB7 to polyQ74 did prevent aggregation indicating that the NTD in these hybrid fusion 

proteins is functional (Figure 2, E and F, Supporting Information 2, C). Since we previously showed that the CTD 

of HSPB7 is dispensable for its action on polyQ (8), the combined data suggest that interaction of a (monomeric) 

HSPB7 via its NTD to polyQ proteins and the presence of the ACD of HSPB7 suffice to prevent mHtt aggregation. 

 

Fusion of the NTD of HSPB7 to HSPB1 is sufficient to convey HSPB1 with anti-polyQ 

aggregation activity 

We next hypothesized that fusing the NTD of HSPB7 to the ACD of other HSPBs may turn these into polyQ 

aggregation preventive chaperones. As mentioned above, HSPB7 does not form homo- nor hetero-oligomers with 

any of the HSPBs, so targeting the other HSPBs to polyQ aggregates via hetero-oligomerisation is unlikely to 

occur. To test whether the NTD of HSPB7 could turn another HSPB protein into an effective inhibitor of polyQ 

aggregation we choose HSPB1, as neither its presence in vitro  (Figure 1, A-B) nor its overexpression in cells 

(Figure 3, B-D, Supporting Information 3, A) could inhibit polyQ aggregation. Strikingly, expression of a fusion 
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of the NTD of HSPB7 with the ACD and C-terminal domain of HSPB1 (NTDHSPB7-HSPB1) lead to reduced 

mHttQ74-GFP aggregation comparable to the effect of HSPB7WT expression (Figure 3, A-D). This result indicated 

that the conserved ACD is a necessary structural requirement for HSPB7 to prevent polyQ aggregation. Strikingly, 

this requirement is not restricted to the ACD of HSPB7 as also the ACD of HSPB1 can exert this function. Indeed, 

a fusion of the NTDHSPB7 to mRFP (as a control) did not generate a hybrid protein that could prevent mHttQ74 

aggregation (Supporting Information 3, B and C).  

 

Figure 2. The NTD of HSPB7 alone is not sufficient to prevent polyQ aggregation. 

A-D, Fusing the NTD of HSPB7 to mHttQ74-GFP does not prevent polyQ aggregation. A, Schematic representation of the 

different chimeric proteins. B, Filter trap assay (FTA) of v5-NTDHSPB7Q43-eGFP and v5-NTDHSPB7Q74-eGFP expressing HEK293 

cells (left). Quantification of polyQ aggregation measured by FTA normalized to the control (Q43-eGFP or Q74-eGFP respectively 

= 1.0) (right) . C-D, PolyQ inclusions in cells expressing v5-NTDHSPB7Q43-eGFP and v5-NTDHSPB7Q74-eGFP. C, Quantification of 

cells with aggregates, corrected for the total number of cells and normalized to control (Q43-eGFP or Q74-eGFP respectively = 

1.0). D, Representative immunofluorescence pictures of HEK293 cells expressing different chimeric proteins (bar = 100 μm, zoom 

in upper right, dotted lines indicate cell outlines). E-F, Fusing full length HSPB7 to mHttQ74-GFP prevents polyQ aggregation. E, 

Schematic representation of the chimeric proteins. F, FTA of v5-HSPB7WT-Q74-eGFP expressing HEK293 cells. (left) and 

quantification of polyQ aggregation measured by FTA normalized to the control (Q74-eGFP alone)(right). All experiments were 

repeated at least three times. Data are presented as mean ± SD. “ * ” = P<0.05, “ ** ” = P<0.01. 

 

In line with the biochemical data, we found that whereas wild type HSPB1 did not co-localize with mHttQ74-

GFP, the NTDHSPB7-HSPB1 hybrid did (Figure 3, E). Inversely, replacing the NTD of HSPB7 with the NTD of 

HSPB1 resulted in a hybrid protein (NTDHSPB1-HSPB7) that had lost its anti-polyQ-aggregation activity (Figure 

3, F and G, Supporting Information 3, D) and no longer co-localized with the polyQ aggregates (Figure 3, H). The 

co-localization of polyQ with HSPB7 and NTDHSPB7-HSPB1 suggested that the NTD of HSPB7 is both required 

and sufficient for association of small HSPB proteins with polyQ proteins. This was confirmed by GFP pull-down  
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Figure 3. NTD swapping between HSPB1 and HSPB7 reveals a key role of the NTD of HSPB7 in the prevention of polyQ 

aggregation. 

A, Schematic representation of the different chimeric proteins. B, Filter trap assay (FTA) of the effect of the indicated HSPB 

variants on mHttQ74-GFP aggregation in HEK293 cells (left). As a control cells were transfected with mRFP. Quantification of 

mHttQ74-GFP aggregation is normalized to control (= 1.0) (right). C-D, mHttQ74-GFP inclusions in cells which co-express the 

indicated HSPB variants. C, Quantification of cells with aggregates per total number of cells, normalized to control (=1.0). D, 

Representative immunofluorescence pictures of HEK293 cells expressing the indicated HSPB variants (bar = 100 μm, zoom in 

upper right, cell outlines indicated by dotted lines). E, Immunofluorescence staining of HEK293 cells co-expressing mHttQ74-

GFP (green) and v5-NTDHSPB7-HSPB1 mutant (red) or v5-HSPB1WT (red). Bar = 10 μm. F, Schematic representation of the 

different chimeric proteins. G, Filter trap assay (FTA) of the effect of the indicated HSPB variants on mHttQ74-GFP aggregation 
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in HEK293 cells (left). As a control cells were transfected with mRFP. Quantification of mHttQ74-GFP aggregation is normalized 

by control (-1.0) (right). H, Immunofluorescence staining of HEK293 cells showing no colocalization of mHttQ74-GFP (green) with 

v5-NTDHSPB1-HSPB7 mutant (red). Bar = 10 μm. I, Co-immunoprecipitation of v5-NTDHSPB7-HSPB1 but not HSPB1WT with 

mHttQ74-GFP but HSPB1WT. Western blot using the indicated antibidies are shown. All experiments were repeated for at least 

three times. All experiments were repeated at least three times. Data are presented as mean ± SD. “ * ” = P<0.05, “ ** ” = P<0.01. 

 

experiments with mHttQ74-GFP. Whereas HSPB7WT was clearly co-precipitating with mHttQ74-GFP, HSPB7△73 

did not (Figure 1, H). Inversely, whereas HSPB1WT did not co-IP with mHttQ74-GFP, NTDHSPB7-HSPB1 did 

(Figure 3, I). These data confirm that the NTD of HSPB7 drives the interaction between HSPB7 and polyQ 

proteins. Since the interaction in our co-IP experiments is performed on soluble material, these data further suggest 

that the N-terminus of HSPB7 can already bind to polyQ prior to its insolubilization into high molecular weight 

aggregates. This mode of action is analogous to those of other small HSPs that need to be present prior to 

aggregation to be most active as well (7, 33). Our data suggest that the flanking regions, here the NTD, are required 

and sufficient for targeting small HSPs to their substrates and that the ACD enables the suppression of aggregation.  

 

Shifting the HSPB oligomeric status is not sufficient for polyQ aggregation prevention 

How can the NTD of HSPB7 turn HSPB1 into a protein that now can bind to polyQ proteins and suppress 

their aggregation? Since, HSPB7 does not form oligomers like the canonical small HSPs including HSPB1 (8), 

we determined the role of the HSPB7-NTD in the oligomerization process. Sucrose gradient centrifugation of 

whole cell extracts confirmed that wild type HSPB1 is polydispersed (Figure 4, A), reminiscent of being present 

as dynamic oligomers in cells. In contrast, wild type HSPB7 predominantly runs in a monodispersed peak, likely 

representing dimers. (Figure 4, A). Deletion of the NTD from HSPB7 (HSPB7△73) does not change this behaviour 

(Figure 4, A) , implying that loss of its anti-aggregation activity is not related to a change into a more polydispersed 

form. Importantly, fusion of the HSPB7-NTD to HSPB1 (NTDHSPB7-HSPB1) has a strong impact on the 

oligomeric properties of HSPB1. The NTDHSPB7-HSPB1 chimera was found to sediment in the same fractions as 

HSPB7, representing smaller oligomeric species such as dimers (Figure 4, A). These data indicate that the 

presence of the HSPB7-NTD inhibits the association of the HSPB to higher oligomeric assemblies and might 

point to an association between the oligomeric status of HSPBs and their ability to prevent polyQ aggregation. 

To test whether the shift in oligomerization behavior suffices to turn HSPB1 into a polyQ aggregation 

preventing chaperone, we used HSPB1-phosphorylation mutants that also impede the oligomeric status. HSPB1 

can be phosphorylated at three serines which drives its de-oligomerization (34, 35). Mutation of these three serines 

(S) into aspartic acid (D) (HSPB1DDD) simulates the oligomeric behavior of this phosphorylated form of HSPB1 

(34) (Figure 4, B; Supporting Information 3, E), whilst mutating these serines into alanines (HSPB1AAA) simulate 

the un-phosphorylated form of HSPB1 forming, on average, larger oligomeric complexes (34) (Figure 4, B; 

Supporting Information 3, F). However, expression of neither HSPB1DDD nor HSPB1AAA was found to reduce 

mHttQ74-GFP aggregation (Figure 4, C, Supporting Information 3, F). These results suggest that de-
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oligomerization alone is not sufficient for HSPB1 to prevent polyQ aggregation and pinpoints the need for the 

presence of the HspB7-NTD for polyQ protein recognition.  

 
Figure 4. The relation between the oligomeric status of HSPB variants and their abilities to prevent polyQ aggregation. 

A, Sucrose gradient centrifugation analysis of HSPB variants expressed in HEK293 cell in a linear 20 – 60% sucrose density 

gradient. Representative immunoblots are presented on the left, quantitative analysis are shown on the right. B, Native gel 

electropheresis of HEK293 cells expressing HSPB1WT (WT), HSPB1DDD (DDD), or HSPB1AAA (AAA). Arrows show oligomeric size 

as large (L), medium (M) and small (S) size. GAPDH was detected by denaturing PAGE as reference. C, Filter trap assay (FTA) 

of HSPB1DDD and HSPB1AAA mutants on mHttQ74-GFP aggregation in HEK293 cells (left). Quantification of polyQ aggregation 

are normalized by control (=1.) and are shown on the right. All experiments were repeated at least three times. Data are presented 

as mean ± SD. “ ** ” = P<0.01. 

 

The ability of HSPB7 to prevent polyQ aggregation depends on the regions flanking the 

polyQ stretch. 

The polyQ stretch in (mutant) huntingtin is flanked by a 17 amino acid long N-terminal (N17) domain (36) 

and a proline-rich region (PRR) C-terminal (37) of the poly-Q stretch. These flanking regions not only affect the 

propensity of aggregation of the polyQ protein, but also affect how chaperones may or may not be able to delay 

the onset of aggregation (10, 36, 37). Whereas some chaperones like DNAJB6 can prevent initiation of 

aggregation independently of such flanking regions by directly interacting with the amyloidogenic polyQ region 

(10), other chaperones like TRiC mediate their anti-aggregation effects via binding to the N17 domain of 

Huntingtin (10, 38). To test how HSPB7 acts, we co-expressed it with 4 different mHtt constructs (Figure 5, A-

D) one containing both the intact N17 domain and PRR, one with a truncated N17, one with a truncated PRR, or 

one in which both the N17 and PPR are truncated. HSPB7 could suppress the aggregation of all these variants, 

except the one with a truncation of both the N17 domain and the PPR constructs (Figure 5, A-D). This implies 

that HSPB7 does not directly act on the amyloidogenic polyQ region but requires either the N17 domain and/or 

the PPR to mediate its anti-aggregation effects.  
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Discussion 

Here we show that HSPB7, a non-canonical member of the human HSPB family of small heat shock proteins, 

prevents aggregate formation by directly acting on polyglutamine (polyQ) containing proteins via its unique N-

terminal domain. This NTD facilitates binding of HSPB7 to polyQ proteins. Intriguingly, the NTD is sufficient to 

provide another member of the HSPB family, HSPB1, with the capacity to bind to and suppress aggregation of 

polyQ proteins.  

HSPB7, unlike canonical HSPBs, is not forming large oligomeric species (8). Although replacing the NTD 

of HSPB1 by the NTD of HSPB7 leads to a reduction in the average oligomeric size of the hybrid protein, de-

oligomerization alone was found insufficient to confer anti-polyQ aggregation activity to HSPB1. Rather, the 

NTD of HSPB7 seems to confer substrate binding capacity to HSPBs as its deletion from HSPB7 (HSPB7△73) 

Figure 5. HSPB7 prevents mHtt 

aggregation via interactions with 

the polyQ flanking regions. 

A-D. Schematic representation 

of the constructs of different mHtt 

mutants are presented on the top 

(N17 = intact NTD; N10 = disturbed 

NTD; PRR = intact proline rich 

region; P10 is disturbed proline rich 

region. Representative immunoblots 

of FTA (left panels) and 

quantifications (middle panels) and 

expression levels of different mHtt 

and v5-HSPB7 constructs as 

detected by western blot (right panel) 

are presented. All quantifications are 

normalized to cells transfected with 

mHttQ74-GFP mutants and mRFP 

(=1.0). All experiments were 

repeated at least three times. Data 

are presented as mean ± SD. “ * ” 

stands for P<0.05. 
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lead to a loss of binding and suppression capacity. Currently it is unclear to which polyQ species HSPB7 is binding. 

Our co-IP experiments, perfomed using soluble material, suggest that HSPB7 binds to early profibrillar species. 

The fact that HSPB7 is associated with the (later) polyQ inclusions (IF) confirms its capacity to bind to polyQ 

species, but may also reflect a failed function.  

Interestingly, the NTD of HSPB7 is intrinsically disordered (27), characteristic of proteins involved in phase 

separation (39, 40). Although we did not observe any HSPB7-mediated demixing, our results do not rule out a 

role of the NTD in phase separation. The unique properties of the NTD of HSPB7 in the context of an ACD are 

clearly sufficient to drive inhibition of polyQ aggregation. The notion that this suppressive nature gradually 

declines with the progressive shortening of the NTD (Figure 1) is arguing against the presence of specific 

structural motifs within the NTD. Indeed for other intrinsically disordered regions, it has been shown that rather 

than amino acid order and chemical composition, function is determined by the length of the IDR (40). These 

results further underscore the possible IDR-like characteristics of the NTD of HSPB7 being crucial for its anti-

amyloidogenic activity. Yet, these features alone do not suffice to confer such activity as fusion of the NTD of 

HSPB7 to polyQ proteins directly did not reduce but rather enhanced polyQ aggregation (Figure 2, A-D).  

Our combined data suggest that the NTD of HSPB7 drives a de-oligomerization of HSPB proteins that causes 

exposure of its IDR-like features that next drives binding of the HSPB to early intermediate aggregates of polyQ 

proteins, by interacting with regions flanking the amyloidogenic polyQ core. Through such interactions further 

oligomerization into amyloid like fibers is delayed (41). Alternatively early formed protofibrils are stabilized by 

HSPB7 to inhibit the rate of the aggregation process (41, 42). Irrespective of either one of these mechnisms, 

aggregate growth is delayed which may facilitate their engulfment into autophagosomes to facilitate aggrephagy 

(8, 15, 16). 

 

Experimental procedures 

Cell culture and transient transfection 

HEK293 cells were grown in DMEM (GBICO) containing 10% FCS (Greiner Bio-one), 100 Units/ml 

Penicillin/streptomycin (Invitrogen). For transient transfection, 3.5×105 cells were seeded on poly-lysine (Sigma) 

pre-coated 6-well plates or cover slips. Cells were cultured until about 70% confluency and were transfected with 

polyethylenimine (PEI) (Invitrogen) following the manufacturer’s protocol. 

 

In vitro aggregation of mHtt 

Purified HSPB1 and HSPB7 (9) and a mHttQ48 exon-1 fragment containing the N17 domain, 48 glutamines 

and the PPR protein (43) were used for in vitro aggregate formation (9). In short, 20 μM mHttQ48 was incubated 

with 20 μM sHSPB at 37 ℃ for 0, 1, 2, 3, 4 and 5 hours in PBS (pH=7.4) containing 1 mM DTT. After incubation, 

8 μl of each sample was mixed with the same amount of denaturing buffer (180 mM Tris-HCl, pH 6.8, 30% 
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glycerol, 15% beta-mercaptoethanol, 6% SDS) (43) and then immediately be boiled in 95 ℃ for 5 min. Samples 

were stored at   -140℃ until use. Samples were boiled before loading onto a 12% SDS-PAGE gel. After 

electrophoresis, the gel was stained by SYPRO Orange (Sigma). Images were analysed using a ChemiDoc Touch 

Imaging system (Bio-Rad). Hereafter, the gel was washed in washing buffer (25 mM Tris base, 190 mM glycine 

and 0.1% SDS, pH=8.3) for three times, followed by transfer onto a nitrocellular membrane for regular western 

blot analyses.  

 

Gene cloning and generation of mutants 

Construction of v5-HSPB7WT, v5-HSPB7△s17-29, NTDHSPB7-mRFP and mHttQ74-GFP plasmid has been 

described before (8). v5-HSPB7△16, v5-HSPB7△31, v5-HSPB7△73, N10-Q74-PRR, N17-Q74-P10 and N10-Q74-

P10 were generated using QuickChang XL Site-Directed Mutagenesis Kit (Agilent Technologies) with v5-

HSPB7WT or N17-Q74-PRR (mHttQ74 full exon1) as templates, all steps followed the instructions of 

manufacturer. To generate v5-NTDHSPB7Q43-eGFP, v5-NTDHSPB7Q74-eGFP, and v5-HSPB7WT-Q74-eGFP, v5-

NTDHSPB7 (the N-terminus of HSPB7 with a v5 tag) or v5-HSPB7WT was cloned from v5-HSPB7WT by PCR, 

adding unique BamHI and NheI sites to the 5’ and 3’ terminus respectively. GFP tagged polyQ fragments were 

obtained by cuting mHttQ43-GFP and mHttQ74-GFP plasmids using NheI and NotI. The inserts were ligated into 

the BamHI and NotI digested pcDNA3.1 vector. A similar strategy was used to generate v5-NTDHSPB7HSPB1 but 

based on v5-HSPB7WT, empty pcDNA3.1 vector and v5-HSPB1WT plasimds (8). The HSPB1DDD and HSPB1AAA 

mutants have been reported before (34). 

 

Primers. 

Primer used for cloning the NTD of HSPB7: 

F: 5’-GCTACCGGATCCAGCCACAGAACCTCTTCCACCTTCCGAG-3’; 

R: 5’-CGTACGGCTAGCGCCTGCCCCACCGGGGCGGGCTGGGAA-3’. 

Primers used for cloning HspB7:  

F: 5’-GCTACCGGATCCAGCCACAGAACCTCTTCCACCTTCCGAG-3’;  

R: 5’-GCTACTGCTAGCGATTTTGATCTCCGTCCGGAAGGTC-3’. 

 

Sucrose gradient centrifugation 

Sucrose gradient analysis was done as reported before (8). Briefly, transfected HEK293 cells were washed 

with PBS and lysed in 200μl NP40 lysis buffer (50mM HEPES, 60mM KCl, 2mM MgCl2, 10% glycerol, 0.4% 

NP40). Cell lysates were cleared through a 26 gauge syringe for 10 times, followed by centrifugation at 100000g 

for 16 hours using 20%-60% sucrose gradient colum in a ultraspeed centrifuge using a SW41 rotor. 700μl fractions 

were precipitated by adding equal amount of 25% trichloroacatic acid. The pellets were washed twice using 80% 
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acetone (-20℃) and allowed to dry. The pellet was dissolved in 20μl 0.1M NaOH containing 1% SDS. Equal 

amount of 2× Laemmli buffer was added and samples were boiled for 5 minutes before western blot analysis. 

 

Immunoblotting 

For western Blot, cells were lysed in FTA sample buffer (10mM Tris-HCl, 150mMNaCl, 2% SDS, pH=8.0) 

and were boiled with equal amount of 2× Laemmli buffer. Samples were then loaded and run on a 12% SDS page 

gel and transfered (Bio-Rad). After transfer, membranes were blocked and incubated with primary and secondary 

antibodies followed by detection using the ChemiDoc Touch Imaging system (Bio-Rad) 

Filter trap assays (FTA) were perfomed as reported before (33). In short, 3.5×105 HEK293 cells were seeded 

on 6 well plates. Cells in each well were lysed in 200 μl FTA sample buffer (10 mM Tris-Cl, pH 8.0, 150 mM 

NaCl, 2% SDS). 100 μg, 20 μg and 4 μg samples were diluted in FTA sample buffer supplied with 50 mM 

dithiothreitol (DTT). Boiled samples were then applied onto a pre-washed (by FTA wash buffer, 10 mM Tris-Cl, 

pH 8.0, 150 mM NaCl, 0.1% SDS) 0.2 μM cellulose acetate filter (GE Water and Process Technologies, Trevose, 

PA, USA) with 2 Whattman papers (Bio-Rad, Hercules, CA, USA) in a Bio-Dot microfiltration apparatus (Bio-

Rad). Gentle suction was applied to filtrate the samples followed by three times washing using FTA wash buffer. 

After blocking the membrane for 1 h in 5% milk, incubated with primary (overnight) and secondary antibodies (1 

h), membrane was exposed using ChemiDoc Touch Imaging system (Bio-Rad). 

Primary and secondary antibodies used: mouse anti-v5 primary antibody (invitrogen) at a 1:10000 dilution, 

anti-GAPDH primary antibody (Fitzgerald) at 1:10000 dilution, anti-GFP primary antibody (invitrogen) at1:5000 

dilution, anti-HSPB1 primary antibody (StressMarq) at 1:2000 dilution, anti-polyglutamine primary antibody 

(MAB1574, Sigma) at 1:1000 and sheep anti-mounse secondary anitbody (GE Healthcare life science) at 1:5000 

dilution.  

  

Immunofluorescence 

48 hours after transfection, cells on coverslips were fixed in 2% formaldehyde for 15 min., washed 2 times 

with PBS (pH=7.5) and permeabilized with PBS-TritonX100 (0.1%). Then cells were washed with PBS and with 

PBS plus (PBS with 0.5% BSA, 0.15% glycine), followed by primary antibody incubation overnight at 4 ℃. Then 

cells on coverslips were washed with PBS plus for 4 times and were incubated with secondary antibody. After 

washing with PBS plus and PBS DNA was stained with DAPI (Thermo Fisher Scientific) for 5 minutes followed 

by washing with PBS. Cover slips were mounted in vectashield (Agar Scientific). Mouse anti-v5 primary antibody 

(invitrogen) at a 1:10000 dilution, Alexa 594 anti-mouse (Invitrogen) secondary antibody was diluted as 1:1500. 

Images were taken by a Leica sp8 confocal microscope and edited by Fiji. 

 

 



Chapter 3 

 

63 
 

Statistical analysis 

The software Curve Expert 1.3 was used to make a standard curve for measuring protein concentration. 

Differences among the experimental groups were analyzed by one-way analysis of variance (ANOVA) (P < 0.05 

and P < 0.01). Values were considered to differ significantly when P < 0.05. All data are expressed as the mean ± 

one standard deviation (SD). All experiemnts were repeated for at least three times. 
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Supporting Information 

 
Supporting Information 1. 

A, Amino Acid sequence of the serine rich stretches (SRS) in HspB7 (left) and DNAJB6 (right). B-C, Refers to 

Figure 1, C-F, HEK293 cells were transfected with different expression vectors or were treated with heat stress (HS) in 

44 ℃. B, Western blots showing expression of HSPB7 and its NTD trancation mutants used in Figure 1. In order to 

optimise equal protein expression for the different HSPB7 variants, plasmid transfection ratios for HSPB7 variants : 

mRFP : mHttQ74-GFP were adapted to 9 : 9 : 1.5 for HSPB7WT, HSPB7△73 and HSPB7△17-29 and 18 : 0 : 1.5 for 

HSPB7△16 and 13.5 : 4.5 : 1.5 for HSPB7△31. C, HSPB7 or the truncation mutants do not activate the heat shock 

response as evidenced by the lack of the induction of HSPA6. Also expression of the HSF-1 regulated DNAJB1 -that 

can affect polyglutamine agregation- is not elevated by expression of HSPB7 or the truncation mutants. In this 

experminent, the plasmid transfection ratios for the HSPB7△17-29 was doubled compared to that in panel B to enhance 

its expression and fully exclude that its observed protection against mHttQ74-GFP aggregation (Figure 1) was due to 

HSF-1 activation. D-E, Bioinformatic analysis of structured and intrinsically disordered regions (IDRs) in HSPB7 

(Q9UBY9) (D) and HSPB1 (CAG38728) (E). IDRs were predicted by MetaDisorder (upper graph), IUPred2 (yellow) 

and ANCHOR2 (red). The overlap between IUPred2 (yellow) and ANCHOR2 (red) predictions are marked in orange.  
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Supporting Information 2. 

A, Dot blots for v5-HSPB7WT and v5-HSPB7NTD (undetectable) in HEK293 cells. B, Western blot showing 

expression levels of the indicated chimeric proteins used in Figure 2 A-B. C, Western blot showing expression levels 

of the indicated chimeric proteins used in Figure 2 E and F.  

 

 

 
Supporting Information 3. Expression level of indicated proteins in HEK293 cells. 

A, Western blot showing expression levels of the indicated HSPB variants used in Figure 3, A-D. The plasmid 

transfection ratios of HSPB7WT to mHttQ74 was 9:1. B, Filter trap assay and western blot showing that the NTDHSPB7-

mRFP does not aggregate by itself (relates to Figure 2). Quantifications are normalized by control (cells were 

transfected with Q74-mRFP). C, Filter trap assay and western blot showing that the NTDHspB7-mRFP cannot prevent 

mHttQ74 aggregation (relates to Figure 2). Quantifications are normalized by control (cells were transfected with 

mHttQ74-GFP mutants and mRFP). D, Western blot showing expression levels of the indicated chimeric proteins used 

in Figure 3 F and G. E, Sucrose gradient centrifugation analysis of the indicated HSPB1 mutants in HEK293 cell extracts 

in a linear 20 – 60% sucrose density gradient (relates to Figure 4). F, Western blot showing expression levels of the 

indicated chimeric proteins used in Figure 4 C. All experiments were repeated at least three times. Data are presented 

as mean ± SD. “ * ” stands for P<0.05, “ ** ” stands for P<0.01, “ *** ” stands for P<0.001. 
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Abstract: 

Several proteins with an expanded CAG stretch are causal for neurodegenerative diseases such as 

Huntington’s disease (HD). The aberrant extended CAG repeats encode for long polyglutamine (polyQ) 

stretches that lead to protein aggregation. The length of the repeat is related to both the aggregation-

propensity of the proteins and the onset age of the disease. Here we report that expression of the FOXO1 

transcription factor results in a reduction in the aggregation of a fragment of Huntingtin containing the 

extended polyQ stretch. This anti-aggregation effect of FOXO1 requires the transcriptional activity of 

FOXO1, but surprisingly, is independent of any degradation pathway, despite that FOXO1 can induce 

autophagy. Finally, we identify the RNA binding proteins STAU1 and DDX18 as auxiliary factors of the 

suppressive effect of FOXO1. These results are in line with a model that FOXO1 facilitates 

DDX18/STAU1 to bind mutant Huntingtin mRNA, thereby, preventing ribosome binding and reduce the 

synthesis of the aggregation prone protein. 

 

Key words: PolyQ, Aggregation, FOXO1, DDX18, STAU1 
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Introduction 

The extension of CAG repeats in at least 9 different genes is causing neuronal dysfunction and 

degeneration leading to the following diseases Huntington’s disease (HD), dentatorubral pallidolysian 

atrophy (DRPLA), spinal and bulbar muscular atrophy (SBMA) Spinocerebellar ataxias (SCA) type 1, 

2, 3, 6, 7 and 17 (1). These CAG extensions encode for glutamine (Q) and the polyQ expanded proteins 

have a high tendency to form amyloids or aggregates (2). Protein aggregation hallmarks many different 

neurodegenerative disorders (3). These aggregates reflect a loss in protein homeostasis that underlies 

many of these neurodegenerative diseases including the so-called polyglutaminopathies (3, 4). Protein 

homeostasis is maintained by the cooperative balance between the regulation of transcription, translation, 

folding and degradation.  

A main pathway that seems to regulate protein homeostasis is the insulin/insulin like growth factor 

(IGF) pathway (5-7). In C. elegans, the inhibition of this (AGE-1) pathway results in both delayed protein 

aggregation and disease onset and in enhanced organism lifespan (8, 9). Two major transcription factors 

regulated by IGF/AGE-1 are HSF1/HSF-1 and FOXO/DAF-16 (10, 11). 

 HSF1 controls the upregulation of many (but not all) molecular chaperones that assist in protein 

folding and prevent unwanted protein aggregation (12). Elevated expression of HSF1 is sufficient to 

affect life span and reduce protein aggregation in model systems such as C. elegans (13). In line, the up-

regulation of the HSF1-dependent network in mammalian cells can reduce protein aggregation of mutant 

proteins causative for neurodegenerative diseases (14), and in fact the elevated expression of several 

individual heat shock proteins can do the same, although several of these are not controlled by HSF1 

(15-18). 

The FOXO branch of the IGF pathway also funnels into protein quality control (19, 20). In C. 

elegans elevated expression of DAF-16 (the C. elegans homolog of FOXO1) is sufficient to reduce 

protein aggregation and is associated with life span extension as well (21, 22). To do so, DAF-16 controls 

many downstream targets including at least one small heat shock proteins that is associated with lifespan 

(23). 

How FOXO mediates protein homeostasis in mammals is less well understood. Mammalian FOXO 

includes FOXO1, FOXO3a, FOXO4 and FOXO6 (24, 25). Intriguingly, FOXO1 and FOXO3a have been 

shown to be able to transcriptionally upregulate the expression of several autophagy-related (Atg) genes 

(26). Even more so, upregulation of FOXO1 can also induce autophagy in a manner independent of its 

activity as transcription factor but rather via directly binding to Atg7 (27). Since boosting autophagy can 

help to clear protein aggregates and has been shown to reduce toxicity in several protein aggregation 

disease models (28, 29), we wondered if and by what mechanism, FOXO1, like Daf-16 in C. elegans, 

might help to reduce aggregation of mutant proteins known to be causative to neurodegenerative disease. 
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Hereto, we choose to investigate the effects of FOXO1 on the aggregation of the polyglutamine 

containing Huntington exon-1 fragment protein (HttpolyQ) that is responsible for Huntington’s disease. 

We found that FOXO1 expression substantially decreases polyQ aggregation in a manner dependent on 

its transcriptional activity. However, autophagy induction by FOXO1 was found not to be essential for 

suppression of aggregation. Rather, we found that FOXO1 triggers a DDX18 and STAU1 dependent 

reduction in HttpolyQ protein synthesis. 

 

Results 

FOXO1 reduces mHtt aggregation  

To test whether FOXO1 can reduce the aggregation of amyloidogenic proteins we used a GFP 

tagged exon1 fragment of the human Huntingtin protein with an extended polyQ track (GFP-mHttQ43). 

Upon expression of FLAG tagged FOXO1, GFP-mHttQ43 protein aggregation was much reduced (Figure 

1A). The suppressive effect of FOXO1 on mHtt aggregation is independent of the GFP tag as similar 

results were obtained using HA-mHttQ43 (Supporting Information 1, A). Moreover, FOXO1 reduced the 

aggregation of a mHtt construct with significantly longer polyQ tracts, GFP-mHttQ71 and GFP-mHttQ119 

as well, albeit to a less extent as compared to the GFP-mHttQ43 protein (Supporting Information 1, A).. 

We also noticed a drop in the GFP-mHttQ43 soluble protein levels whereas it had no impact on GFP 

protein levels (Figure 1, B). The reduction on soluble protein levels for longer polyQ stretches (GFP-

mHttQ71 and GFP-mHttQ119) is less prominent (Supporting Information 1, A). Flag-FOXO1 expression 

also inhibited GFP-mHtt119 puncta formation (Figure 1, D and E). Together, these results indicate that 

FOXO1 can specifically reduce mHttpolyQ aggregation. This inhibition is dependent on the polyQ length 

as the shorter GFP-mHttQ43 repeat is more efficiently supressed as the longer GFP-mHttQ71 and GFP-

mHttQ119 (Supporting Information 1, A).   

Since FOXO1 reduces mHtt aggregation, we wondered if FOXO1 can act on already formed mHtt 

aggregates in a so-called disaggregation reaction. To address this question we co-expressed tetracycline 

inducible FOXO1 with HA-mHttQ43 or GFP-mHttQ119 and induced FOXO1 expression 24 hours after the 

expression of the mHtt construct. mHtt aggregation is mostly determined by the length of the polyQ tract, 

the longer GFP-mHttQ119 aggregates within 24 hours while the much shorter HA-mHttQ43 requires more 

than 48 hours. FOXO1 reduced the aggregation of both HA-mHttQ43 and GFP-mHttQ119 (Figure 1, A, 

Supporting Information 1, A), when expressed simultaneously. However, expressing FOXO1 24 hours 

after the mHtt expression resulted in a drop in HA-mHttQ43 aggregation while the amount of GFP-

mHttQ119 aggregation remained untouched (Figure 1, F and G). This indicates that FOXO1 reduces 

soluble mHtt amount but cannot remove pre-existing aggregates.  
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Figure 1. Foxo1 prevented mHtt aggregation by specifically reducing mHtt expression. 

A-C, In HEK 293T cells, GFP-mHttQ43 and GFP were co-transfected with or without FOXO1. A, Insoluble GFP-

mHttQ43 aggregation was detected by filter trap assay (FTA). B and C, Reprehensive blots (lower) and quantification 

(upper) of soluble GFP-mHttQ43 or GFP were detected by western blot. D and E, Immunofluorescence staining of 

HEK293T cells co-expressing GFP-mHttQ119 with or without FOXO1 (D) and the quantification of GFP-mHttQ119 

inclusions (E). F and G, HA-mHttQ43 (F) and GFP-mHttQ119 (G) were co-transfected with or without FOXO1 in Flp-InTM 

T-RexTM HEK293 cells. Upper, schematic representation of the experiment processing. Tetracycline was added to the 

culture media 24 hours after transfection to induce the expression of FOXO1 for 24h. Lower, insoluble mHtt aggregation 

was detected by filter trap assay (FTA). Quantification of FTA was normalized by control. Bar=100 μm. All images show 

typical experiments, all experiments were repeated for three times. “*” stands for P<0.05, “**” stands for P<0.001, “***” 

stands for P<0.0001. 

 

Transcriptional activity of FOXO1 is required to prevent mHtt aggregation 

As FOXO1 is a transcription factor, we wondered if its transcriptional activity is necessary for 

FOXO1’s anti-aggregation function. We generated two FOXO1 truncation mutants with disabled 

transcriptional activity by either depleting the DNA binding domain (DBD) or depleting the transcription 

activity domain (TAD) (Figure 2, A). Interestingly, both FOXO1 truncation mutants were unable to 

significantly reduce HttpolyQ expression and aggregation (Figure 2, B and C).  
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Figure 2, FOXO1 preventing mHtt aggregation is dependent on its transcriptional activity. 

A-C, In HEK293T cells, HA-mHttQ43 (B) or GFP-mHttQ119 (C) was transfected with FOXO1 or FOXO1 truncation 

mutants. A, Schematic representation of the FOXO1 truncation mutants used. DBD is short for DNA binding domain, 

TAD is short for transcription activity domain. B and C, Soluble mHtt and insoluble mHtt aggregation were detected by 

western blot and filter trap assay respectively. D-F, In HEK293T cells, with or without FOXO1 overexpression, the 

mRNA level of proteosomal subunit (D), DNAJs (E) or sHSPs (F) was detected by qPCR. All data was normalized by 

GAPDH as reference and was corrected to Control. G and H, In HEK293T cells, HSPB2/HSPB4/HSPB6 was co-

transfected with HA-mHttQ43. Soluble HA-mHttQ43 was detected by western blot (G). Insoluble HA-mHttQ43 aggregation 

was detected by filter trap assay (FTA) (H). Quantification of FTA was normalized by control. I, In HEK293T cells, 

FOXO1 was transfected. The protein level of HspB2, HspB4, HspB5 and HspB6 were detected by western blot (WB). 

All images show typical experiments, all experiments were repeated for three times. “*” stands for P<0.05, “**” stands 

for P<0.001, “***” stands for P<0.0001. 
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Knowing that the transcriptional activity of FOXO1 is required for its ability to suppress polyQ 

aggregation, we wonder if FOXO1 might act indirectly by upregulating other factors that are known to 

suppress HttpolyQ aggregation such as proteosome subunits and chaperones (23, 30, 31). However, the 

transcription of the proteasomal subunits: PSMD4, PSMB2, PSMB5, PSMB8, PSMB9 and PSMB10 are 

hardly increased by FOXO1 overexpression (Figure 2, D). Most chaperones and co-chaperones of the 

HSP70 family do not reduce HttpolyQ aggregation, except three ubiquitously expressed co-chaperones 

DNAJB1, DNAJB2 and DNAJB6 and the testis specific DNAJB8. However, the three generally 

expressed co-chaperones were hardly or not induced by FOXO1 (Figure 2, E). Interestingly, the mRNA 

levels of four of the nine HSPBs (HSPB2, HSPB4, HSPB5 and HSPB6) were increased by FOXO1 

(Figure 2, F). Strikingly, overexpression of three of the four HSPBs (HSPB2, HSPB4 and HSPB6) in 

HEK293T cells can reduce soluble HA-mHttQ43 and insoluble HA-mHttQ43 aggregation (Figure 2, G and 

H). However, we noted that the increase in protein level of these HSPBs by FOXO1 is marginal and 

could not be detected by western blot (Figure 2, I). Since the amount of that HSPB2, HSPB4 or HSPB6 

required to suppress HA-mHttQ43 aggregation is clearly detectable by western blot, we conclude that a 

role of these HSPBs in the FOXO1 mediated decrease in mHtt aggregation is unlikely.  

 

FOXO1 prevents mHtt aggregation independent from autophagy 

Autophagy can clear toxic protein aggregates, including polyQ amyloids (28, 29). Previously, it was 

shown that FOXO1 can enhance autophagy (27) raising the possibility that FOXO1 triggers the 

autophagy mediated clearance of polyQ aggregates. FOXO1 can indeed induce autophagy as indicated 

by the increase in both p62 and LC3II levels (Figure 3, A) and autophagy inhibitor cocktail (E64, 

pepstatin A and Bafilomycin A1) can reduce this increase (Figure 3, B). However, FOXO1 suppressed 

polyQ aggregation independent of autophagy as the autophagy inhibitor cocktail did not inhibit the effect 

of FOXO1 on HA-mHttQ43 aggregation (Figure 3, C) nor did it reduce the drop in soluble HA-mHttQ43 

(Figure 3, C). To further confirm these results, we moved to ATG5 deficient mouse embryonic fibroblast 

(MEF). ATG5 is an essential factor for autophagy as it is required for LC3-PE conjugation (32), and 

ATG5-/- cells are deficient in autophagy (33). Autophagy was indeed impaired in the ATG5-/- cells as 

the lipidated LC3 form (LC3II) was completely absent in the KO cells (Figure 3, D). Similar to our 

results with the inhibitor, FOXO1 still reduced HttpolyQ aggregation in both ATG5 -/- and Atg5 +/+ (wild 

type) cells (Figure 3, D). Moreover, FOXO1 further reduced the soluble HA-Q43 proteins levels as it did 

in wild type cells. Note that the overall expression of HA-mHttQ43 was much reduced in the ATG5 -/- 

cells, perhaps reflecting a drop in general fitness. This drop in expression did not impact the aggregation 

revealing that autophagy is indeed degrading HttpolyQ in these cells as was noted before (34, 35). To fully 

confirm that autophagy is absent in the ATG5-/- cells we employed the autophagy activator BAG3, a co-
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chaperone that can suppress HttpolyQ aggregation in an autophagy dependent manner (36). Whereas BAG3 

reduced HA-HttQ43 aggregation the WT cells it did not affect the aggregation levels in the ATG5-/- cells 

further confirming that autophagy cannot be stimulated in the ATG5-/- cells (Figure 3, D).  

 

 

FOXO1 does not accelerate the degradation of mHtt 

Given the notion that FOXO1 prevents mHtt aggregation in an autophagy independent manner, we 

asked whether FOXO1 acts through other degradation pathways such as the UPS (ubiquitin proteosomal 

system). Besides stimulating autophagy, it has been reported that FOXO1 can also stimulate degradation 

through the activation of the UPS (37). However, two independent proteasome inhibitors, Bortezomib 

Figure 3. FOXO1 reducing 

mHtt aggregation is 

independent of autophagy. 

A, In HEK293 cells, 

cells with or without FLAG-

FOXO1 overexpressing 

were harvested 1 or 2 days 

post-transfected. Autophagy 

was detected by LC3 I/LC3 II 

and p62. B and C, Cells were 

co-transfected with HA-

mHttQ43 with or without 

FLAG-FOXO1. Autophagy 

inhibitors were added 18 h 

after transfection. Protein 

expression and autophagy 

indicators were tested by 

western blot (B). Soluble HA-

mHttQ43 and insoluble HA-

mHttQ43 aggregation were 

tested by filter trap assay 

(FTA) (C). D, In MEF Atg5 

(+/+) and Atg5 (-/-) cells, HA-

mHttQ43 was co-transfected 

with or without 

FOXO1/MYC-BAG3. 

Soluble and insoluble HA-

mHttQ43 were detected by 

western blot. All images 

show typical experiments, all 

experiments were repeated 

for three times. “*” stands for 

P<0.05, “**” stands for 

P<0.001, “***” stands for 

P<0.0001. 
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and MG132 were incapable of reducing either the FOXO1 mediated drop in soluble HA-mHttQ43 nor on 

the drop in aggregation (Figure 4, A and B). Ubiquitylated proteins in cell extracts accumulated after 

treatment with both inhibitors indicating that the UPS was successfully inhibited (Figure 4, B).  

Since the UPS and autophagy are the most prominent degradation pathways in the cell but seem to 

be indispensable for reducing both the soluble and insoluble HA-mHttQ43 levels mediated by FOXO1, 

we wonder if other degradation pathways are activated by FOXO1. However, neither the rate of 

degradation of GFP-mHttQ74 nor GFP-mHttQ119 was changed by FOXO1 (Supporting Information 2, A 

and B) after treatment with the translational inhibitor cycloheximide (CHX). CHX blocks translation in 

general, potentially masking subtle effects on HA-mHttQ43 degradation by FOXO1. To further test a 

hypothetical role of FOXO1 on GFP-HttQ43 degradation, we turned to a 35S pulse chase experiment 

(Figure 4, C). Similar as what we noted in the experiments using CHX, HttpolyQ constructs are stable 

proteins that are slowly degraded and FOXO1 has no impact on the rate of degradation (Figure 4, C and 

Supporting Information 2, C). In summary, FOXO1 reduces both the soluble and insoluble mHtt protein 

levels without of any measurable effect on protein degradation pathways.  

 

Figure 4, FOXO1 didn’t change the degradation ratio of mHtt. 

A and B, In HEK293T cells, HA-mHttQ43 was transfected with or without FOXO1, followed by proteosome inhibitor 

treatments for 6 hours. HA-mHttQ43 aggregation was detected by FTA (A). Soluble HA-mHttQ43 and ubiquitylated protein 

were detected by WB (B). C, HEK293T cells were co-transfected with GFP-mHttQ43 with or without FOXO1, and then 

pulse labelled with 35S for 40 min. The decay of the radioactive signal during chasing was monitored. Representative 

blots were presented on the left. Autoradiography (AR) indicated the 35S signal for each time point. Data were quantified 

and normalized to the time point 0.5 h (right). All images show typical experiments, all experiments were repeated for 

three times. “*” stands for P<0.05, “**” stands for P<0.001, “***” stands for P<0.0001. 
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FOXO1 decelerates the synthesis ratio of mHtt independently from Ltn1 

To exploit an alternative explanation for the drop in polyQ expression levels we reasoned that 

FOXO1 acts on protein synthesis rates and turned to pulses of S35 labelled methionine in HttpolyQ 

expressing cells with or without elevated FOXO1. Interestingly, the amount of radioactive labelled GFP-

mHttQ43 accumulated much slower in cells expressing FOXO1 as compared to control cells (Figure 5, A 

and Supporting Information 2, D and E). This effect was specific as the accumulation of S35 labelled GFP 

was unchanged (Supporting Information 2, E).  

The drop in labelled HttpolyQ can either be explained by accelerated degradation or by a reduction in 

synthesis. Although we already showed that the degradation rate of full lenght HttpolyQ was untouched by 

FOXO1 (Figure 4, C), we wanted to exploire whether or not nascent polyQ chains may be (preferentially) 

degraded is response to the FOXO1 induced pathway. Ribosomal quality control s (RQC) depends on 

the E3 ligase LTN1 that sits at the ribosome and ubiquitylates unwanted nascent polypeptides (38, 39). 

However, inhibiting LTN1 did not suppress the anti-aggregation function of FOXO1 (Figure 5, B and 

Supporting Information 2, F). We therefore conclude that FOXO1 specifically regulates HttpolyQ synthesis 

in a LTN1 independent manner.  

 
Figure 5, FOXO1 reduced the synthesis ratio of mHtt without directly changing mHtt transcription. 

A, In HEK293T cells, GFP-mHttQ43 was co-transfected with or without FOXO1, and then pulse labelled with 35S for 

indicated time points. Autoradiography (AR) indicated the 35S signal for each time point (left). Data were quantified and 

normalized to time point 0 h (right). B, GFP-mHttQ74 was co-transfected with or without FOXO1, after 24 h, Ltn1 siRNA 

was transfected. GFP-mHttQ74 aggregation was detected by filter trap assay (FTA), representative blot was presented 

on the lower. Quantification of FTA was normalized by control (upper). All images show typical experiments, all 

experiments were repeated for three times. “*” stands for P<0.05. “**” stands for P<0.001. 

 

FOXO1 mediated suppression of polyQ aggregation depends on STAU1 and DDX18 

Extension of CAG in the alleles of patients who suffer from polyglutaminopathies not only leads to 

toxic proteins with too long polyQ tracks, but also results in an altered mRNApolyQ structure. The 

extension of CAG in the mRNA severely impacts the 3D folding of the mRNA forming double hairpin 

(40). This altered structure results in differential binding of RNA-binding proteins (41, 42). To test 

whether FOXO1 altered the composition of proteins that can bind to HttpolyQ-mRNA, we performed pull 

downs with in vitro transcribed biotinylated HttQ47-mRNA as bait in cells with or without FOXO1 

expression (Figure 6, A). Bioinformatical analysis of the identified hits revealed that mRNA processing 

and translation initiation factors as GO terms were reduced in cells expressing FOXO1 while mRNA 
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binding was enriched (Figure 6, ). In total, we identified 23 proteins (Table S1) that were significantly 

enriched in HttQ47 binding in cells that express FOXO1 (n=3). Six of these proteins, STAU1, IGF2BP3, 

FUS, DDX18, DDX41 and TAF15, were predicted to bind to RNA (DAVID 6.8 database). Knock down 

using CRISPRi technology (43) of either STAU1 or DDX18 significantly reduced the FOXO1-mediated 

inhibition of GFP-mHttQ74 aggregation (Figure 6, C and Supporting Information 2, H for knock down 

efficiency). Under these experimental conditions knock down of IGF2BP3, FUS and TAF15 did not 

affect the FOXO1-dependent reduction in GFP-HttQ74 aggregation (Figure 6, C and Supporting 

Information 2, H).  

 

Figure 6. Foxo1 preventing mHtt aggregation can be supressed by inhibiting STAU1 and DDX18. 

A, Schematic representation of mHttQ47 mRNA pull down experiment. B, GO analysis (by DAVID 6.8) of proteins 

pulled down by mHttQ47 mRNA with or without FOXO1 overexpression. C, HEK293T cells were transfected with FOXO1 

and GFP-mHttQ74 expression plasmid together with CRISPRi knock down (K. D.) system targeting on the indicated 

RNA binding proteins respectively. Cells transfected with mRFP/Foxo1 plus dCas9-KRAB and empty sgRNA served 

as Control -/Control +. GFP-mHttQ74 aggregation was then detected by FTA (left). Quantification of FTA (right) was 

normalized to Control –. All images show typical experiments, all experiments were repeated for three times. “*” stands 

for P<0.05, “**” stands for P<0.001, “***” stands for P<0.0001. 

 

Discussion 

In this study, we found that FOXO1, a transcription factor downstream of the insulin/IGF1 

signalling pathway, specifically reduces mHtt aggregation. Surprisingly, the anti-HttpolyQ aggregation 

effect of FOXO1 was found to be independent of either autophagy or UPS. CHX treatment, turning of 

all protein synthesis, and 35S pulse chase experiments show that no potential protein degradation pathway 

is involved in the action of FOXO1 on HttpolyQ, but uncovered that reducing HttpolyQ synthesis rate is how 

FOXO1 specifically reduce proteotoxic HttpolyQ aggregation. Reducing the expression of STAU1 and 

DDX18, two RNA binding proteins, reversed the FOXO1’s anti-aggregation function.  
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The translational rate of mRNA is monitored and is determined by many factors including the 

occupancy of ribosomes on the mRNA. Consequently the limited ribosome binding positions can be 

occupied or competed by RNA-binding proteins and therefore these may repress translation (44, 45). Our 

hypothesis is that FOXO1 facilitates the binding of either STAU1 or DDX18 to HttpolyQ-mRNA thereby 

inhibiting polysome binding and resulting in a reduced protein synthesis. 

DDX18 (DEAD box-18) is a RNA binding protein, or a potential RNA chaperone (46). Similar to 

the folding of poly-peptides, RNA also folds. But unlike polypeptide folding that is dominated by 

multiple forces and factors, RNA folding is mainly dictated by the nucleotide acid composition which 

make RNA folding vulnerable to mis-folding or dropping in kinetic traps (47). However, more and more 

evidence support a model of RNA folding chaperones (47). RNA chaperones are RNA binding proteins 

that can specifically bind to mRNA and destabilize the RNA helices structure for refolding (47). The 

DEAD box domain containing RNA binding protein family is regarded as a family of such RNA 

chaperones with helicase activity. By hydrolysing ATP, DEAD box proteins can disrupt a misfolded 

RNA structure in order to facilitate a correct refolding (46). Although several pieces of the puzzle are 

missing, recent studies indicate DEAD box proteins are involved in RNA splicing, ribosome biogenesis 

RNA export, translation and so on (48). DDX18 has been found to participate in the regulation of tumour 

death and cell proliferation (49), but more information about this DEAD box family member is still 

remain uncovered.  

STAU1 (Staufen 1) is known as a double-strand DNA (dsRNA) binding protein containing multiple 

dsRNA binding domains. By binding to RNA, STAU1 contributes to RNA transport, localization and 

mRNA metabolism (50, 51). For example, binding of STAU1 to the 3’-UTR of ADP ribosylation factor 

(ARF) mRNA directs it to the mRNA decay pathway (52). In another translationally repressed mRNA 

model, STAU1 can up-regulate the translation under a situation of binding to the 5’ end of the mRNA 

(53). Interestingly, it was also reported that STAU1 was recruited to mutant ATXN2 aggregates which 

is the disease protein of Spinocerebellar ataxia type 2 (SCA2) and related to SCA2 transcription 

regulation (54). 

For FOXO1-induced translational inhibition of HttpolyQ, DDX18 and STAU1 are required, whether 

they are each sufficient for the FOXO1 mediated effects is yet unclear. It is very well possible that 

FOXO1 activates a repetiore of factors that together are needed to culminate in the specific translational 

inhibition reported here. This is currently being explored. However, although the detailed mechanisms 

are still not fully uncovered, our findings revealed that activation of the FOXO1 related pathway may be 

of potential value for HD therapy. 
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Material and methods 

Cell cultural 

HEK293T cell (ATCC), Flp-InTM T-RexTM HEK293 cell line (Invitrogen) and Mouse embryonic 

fibroblast (MEF, ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 

10% fetal calf serum (FCS, Greiner Bio-one, Longwood, FL, USA) in a 37 ℃ incubator with 5% CO2. 

MEF cells or siRNA were transfected or transfected by using Lipofectamine (Invitrogen) according to 

the manufacter’s instruction. Other cell lines were transfected using polyethylenimine (PEI) (Invitrogen) 

following the manufacturer’s protocol. 

 

Chemicals and reagents 

Bortezomib, MG132, E64, Pepstatin A, Balfilomycin A 1 and Cycloheximide were perchased from 

Sigma. siRNA against Ltn1 was bought from Ambion. 

 

DNA constructs 

HA-mHttQ43 encoding a HA-tagged Huntingtin exon 1 fragment with 43 CAG repeats (55), GFP-

mHttQ119 (31), GFP-mHttQ119(31), MYC-BAG3(56), PCDNA3-FLAG-FOXO1(27), PCDNA3-FLAG-

FOXO3a(27), GADD34(292-590) (34), Rab9AC(consistently active)(57), Rab9DN (Dominant negative) 

(57), Ub-R-GFP and ODC-GFP (58) were described previously. 

The V5-FOXO1 fragment was amplified from PCDNA3-FLAG-FOXO1 construct with BamH1 

and XhoI restriction sites on 5’ and 3’ terminal respectively (The following primers were used: F- 

GATCTTGGATCCATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGCCG

AGGCGCCTCAGGTGGTGGAGATC, R- 

GATTACCTCGAGTCAGCCTGACACCCAGCTATGTGTC GTTG, and the reaction had to contain 5% 

DMSO.) Then, the fragment was inserted into FRT/TO vector. The sequence was checked by Starseq 

(Germany).   

 

Immunoblot  

For Western Blot, cells were lysed in FTA sample buffer (10mM Tris-HCl, 150mMNaCl, 2% SDS, 

pH=8.0) and were boiled with equal amount of 2× Laemmli buffer. Samples were then loaded and run 

on a 12% SDS page gel and transferred (Bio-Rad). After transfer, membranes were blocked and 

incubated with primary and secondary antibodies followed by detection using the ChemiDoc Touch 

Imaging system (Bio-Rad) 

Filter trap assays (FTA) were performed as reported before (59). In short, 3.5×105 HEK293 cells 

were seeded on 6 well plates. Cells in each well were lysed in 200 μl FTA sample buffer (10 mM Tris-
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Cl, pH 8.0, 150 mM NaCl, 2% SDS). 100 μg, 20 μg and 4 μg samples were diluted in FTA sample buffer 

supplied with 50 mM dithiothreitol (DTT). Boiled samples were then applied onto a pre-washed (by FTA 

wash buffer, 10 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.1% SDS) 0.2 μM cellulose acetate filter (GE 

Water and Process Technologies, Trevose, PA, USA) with 2 Whattman papers (Bio-Rad, Hercules, CA, 

USA) in a Bio-Dot microfiltration apparatus (Bio-Rad). Gentle suction was applied to filtrate the samples 

followed by three times washing using FTA wash buffer. After blocking the membrane for 1 h in 5% 

milk, incubated with primary (overnight) and secondary antibodies (1 h), membrane was exposed using 

ChemiDoc Touch Imaging system (Bio-Rad). 

Primary and secondary antibodies used: mouse anti-v5 primary antibody (invitrogen) at a 1:1000 

dilution; anti-GFP primary antibody (invitrogen) at1:5000 dilution; anti-HA primary antibody (abcam) 

at 1:1000 dilution; anti-FLAG (sigma) at a 1:2000 dilution; anti-GAPDH primary antibody (Fitzgerald) 

at 1:10000 dilution; anti-α-tubulin primary antibody (abcam) at 1:1000 dilution; anti-p62 primary 

antibody (invitrogen) at a 1:2000 dilution; anti-LC3(CST) at a 1:2000 dilution; anti-HSPB2 primary 

antibody (abcam) at 1:1000 dilution; anti-HSPB4 primary antibody (StressMarq) at 1:1000 dilution; anti-

HSPB5 primary antibody (StressMarq) at 1:1000 dilution; anti-HSPB6 primary antibody (abcam) at 

1:1000 dilution; anti-polyglutamine primary antibody (MAB1574, Sigma) at 1:1000 and sheep anti-

mouse secondary antibody (GE Healthcare life science) at 1:5000 dilution.  

 

Immunofluorescence 

48 hours after transfection, cells on coverslips were fixed in 2% formaldehyde for 15 minutes, 

washed 2 times with PBS (pH=7.5) and permeabilized with PBS-TritonX100 (0.1%). Then cells were 

washed with PBS and with PBS plus (PBS with 0.5% BSA, 0.15% glycine), followed by primary 

antibody incubation overnight at 4℃. Then cells on coverslips were washed with PBS plus for 4 times 

and were incubated with secondary antibody. After washing with PBS plus and PBS DNA was stained 

with DAPI (Thermo Fisher Scientific) for 5 minutes followed by washing with PBS. Cover slips were 

mounted in vectashield (Agar Scientific). Mouse anti-v5 primary antibody (invitrogen) at a 1:10000 

dilution, Alexa 594 anti-mouse (Invitrogen) secondary antibody was diluted as 1:1500. Images were 

taken by a Leica sp8 confocal microscope and edited by Fiji. 

 

RT-qPCR 

Total RNA was isolated by RNA isolation kit (Stratagene) followed by cDNA generating using 

Moloney murine leukemia virus reverse transcriptase (Invitrogen). RT-qPCR was performed using 

SYBR green and iQ5 (Bio-Rad). 

Primers for qPCR: 
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GAPDH, F-TGCACCACCAACTGCTTAGC, R- GGCATGGACTGTGGTCATGAG;  

HSPB1, F- ACGGTCAAGACCAAGGATGG, R- AGCGTGTATTTCCGCGTGA;  

HSPB2, F- ACCGCCGAGTACGAATTTG, R- GAGGCCGGACATAGTAGCCA;  

HSPB3, F- ATAGAGATTCCAGTGCGTTACCA, R- CAGGCAGTGCATATAAAGCATGA;  

HSPB4, F- ACCGGGACAAGTTCGTCATC, R- CTCGTTGTGCTTTCCGTGGAT;  

HSPB5, F- AGGTGTTGGGAGATGTGATTGA, R- GGATGAAGTAATGGTGAGAGGGT;  

HSPB6, F- TGCTAGACGTGAAGCACTTCT, R- ACCACCTTGACAGCAATTTCC;  

HSPB7, F- AAGGCCCTGAGCATGTTTTCC, R- ACTTGTGAGCGAAGGTGTTCA;  

HSPB8, F- CTCCTGCCACTACCCAAGC, R- GGCCAAGAGGCTGTCAAGT;  

HSPB9, F- ACCATGCCAGAGACGGTTTC, R- CATGCGGTAACTGACCCTTTC;  

HSPB10, F- ATGGCTGCACTGAGTTGTCTC, R- GCACCGTGTGCTAAATTCGT;  

HSPB11, F- CTCTGAAGGGTCCGAAGTGAT, R- ATTCCTGTGGTGGTCCAAAAC; 

PSMB2, F- TGTCCAGATGAAGGACGATCA, R- CCTCTCCAACACACAGGAGTAAT;  

PSMB5, F- AGGAACGCATCTCTGTAGCAG, R-AGGGCCTCTCTTATCCCAGC;   

PSMD4, F- GCCGTATCCTGTCCAAGCTAC, R- CGGTGCTTCAGAGCCAGAT; 

PSMB9, F- GGTTCTGATTCCCGAGTGTCT, R- CAGCCAAAACAAGTGGAGGTT; 

PSMB10, F- TCCTTCGAGAACTGCCAAAGA, R- ATCGTTAGTGGCTCGCGTATC; 

PSMB11, F- GCAGGCTGTACTATCTGCGAA, R- AGAGCCGAGTCCCATGTTCAT; 

DNAJA1, F-ACTGGAGCCAGGCGATATTAT, R- CTTCTCCTCGTCGAGTAAAAACA;   

DNAJB1, F- AAGGCATGGACATTGATGACC, R- GGCCAAAGTTCACGTTGGT;   

DNAJB2, F- CAGTGGCACCCAGACAAAAAC, R-CGGTCGTAAATCTCCCGCTT;   

DNAJB6, F- AAGTGCTGTCGGATGCTAAGA, R- GGTTACGGAATGTGAAGCCAA; 

HTT exon1: F- CCGCTCAGGTTCTGCTTTTAC, R- AGGACTTGAGGGACTCGAAGG; 

DDX18: F- TGACTCACCACGTGCATACC, R- TGCATATGGTCCAGCAGACG; 

DDX41: F- CAGGAGGAACGGACTAAGGC, R- CGGCCAATCCGGTGTACATA; 

FUS: F- GCTGGTGACTGGAAGTGTCC, R- TCATCCCCGTAGTTACCCCC; 

IGF2BP3: F- AGCTTTCTCGCTTTGCTGGA, R- GCCTTGAACTGAGCCTCTGG; 

STAU1: F- TCTCGGATGCAGTCCACCTA, R- GTGTTTCGCAGCCTGTCTTG; 

TAF15: F- GATCAGCGCAACCGACCATA, R- CAAGAAGAGGCCACGAGGAA. 

 

CHX pulse/chase 

HEK293T cells were transfected with indicated plasmids. 12 hours post-transfection, 50 μg/ml 

cycloheximide was added into cultural medium and was incubated for indicated time before harvesting 

sample. 
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35S pulse/chase 

35S pulse experiment 

HEK293T cells were transfected with GFP-mHttQ43 with or without Foxo1. Cells were labelled with 

methionine 35S and cysteine 35S for different time. GFP-mHttQ43 in cell lysis was pulled down by GFP-

trap. Autograph intensity reflects the amount of GFP-mHttQ43 containing 35S in pull down or whole cell 

extraction. Total amount of GFP-mHttQ43 were measured by Western Blot using anti-GFP antibody. α-

tubulin was used as loading control. 

35S chase experiment 

HEK293T cells were transfected with GFP-mHttQ43, with or without FOXO1. Cells were labelled 

with methionine35S and cysteine35S for 1.5h. After washing, cells were incubated in normal cultural 

media for different time. GFP-mHttQ43 in cell lysis was pulled down by GFP-trap. Autograph intensity 

reflects the amount of GFP-mHttQ43 containing 35S in pull down or whole cell extraction. Western Blot 

using anti-GFP antibody measured total amount of GFP-mHttQ43. α-tubulin was used as loading control. 

For quantitative analysis, autograph intensity were normalized by loading control or total pulled 

down GFP. Then, all the later time points were normalized against 0h. 

 

RNA pull down-MS 

In HEK293T cells, mHttQ47 was transfected with or without FOXO1. Cells were lysed 48 hours 

post-transfection. Biotinylated mHttQ47 was generated by in vitro transcription and was then incubated 

with cell lysis. RNA binding proteins were co-precipitated with biotinylated mHttQ47 mRNA by 

streptavidin, followed by mass spectrum. 

 

Bioinformatics 

GO-term enrichment analysis was performed using DAVID 6.8. Fold enrichment and p-value were 

corrected by Benjamini methods. 

 

CRISPi 

CRISPi was following the protocol from Matthew H Larson, 2013 (43). Briefly, dCas9-KRAB 

(#71237) and sgRNA (#44248) were obtained form Addgene. dCas9-KRAB was cloned into mammalian 

expression vector pcDNA 3.1. sgRNA was designed by CRISPR-ERA v1.2 (http://crispr-

era.stanford.edu/) following the standard protocol. sgRNAs sequences are listed below: 

STAU1: GGCGGCTGCCGCGTCTCTCT 

IGF2BP3: GGAAGACTGGTGGATGCGTT 

FUS: GCGTCGGTACTCAGCGGTGT 

http://crispr-era.stanford.edu/
http://crispr-era.stanford.edu/
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DDX18: GCCTTATTCTAGGCACTTGT 

DDX41: GACTGGCGTGTGCTTGCAGC 

TAF15: GCTTTCGTATTCGTTGTTCT 

 

Statistical analysis 

Results were statistically compared using the Student’s t test was performed for unpaired or paired 

groups. A p value of < 0.05 was considered significant (*: p < 0.05, **: p < 0.01, ***: p < 0.001). All 

experiments were repeated for at least three times. 
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Supporting Information 

Table S1. Mass spectrum detected protein that pulled down with mHttQ47 mRNA when Foxo1 is overexpressed.  
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Table S2. Mass spectrum detected protein that pulled down with mHttQ47 mRNA without Foxo1 overexpression.  
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Supporting Information 1.  

A, In HEK293T cells, different mHttpolyQ were co-transfected with or without FOXO1. Insoluble mHttpolyQ aggregation 

was detected by filter trap assay (FTA) (upper). Soluble mHttpolyQ was detected by western blot (WB) (lower). B and C, 

Refers to Figure 1, F and G, presenting expression level of different proteins was detected by Western blot (WB). All 

images show typical experiments, all experiments were repeated for three times. “*” stands for P<0.05, “**” stands for 

P<0.001, “***” stands for P<0.0001. 
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Supporting Information 2. 

In HEK293T cells, A and B, GFP-mHttQ74 (A) or GFP-mHttQ119 (B) was co-transfected with or without FOXO1 for 

12 h, followed by cycloheximide (CHX) chase experiment for indicated time. Representative bolts of soluble mHtt were 

detected by western blot (lower), quantification is on the top. C and D, Refer to Figure 4C (C) and Figure 5A (D). Cells 

were co-transfected with indicated mHttpolyQ with or without Foxo1. Cells were labelled with 35S for indicated time (D). 

Then, the decay of the labelled protein while chasing with unlabelled precursor (C). Autoradiography (AR) represents 
35S signal of total extracts. All quantification in C were normalized to time point 0.5 h, all quantification in D were 

normalized to 0 h. E, Refers to Figure 5A, 35S pulse experiment was used to measure the synthesis rate of GFP, HA-

mHttQ43 and v5-mHttQ71. Autoradiography (AR) represents 35S signal of precipitated polyQ in each time. F and G, Refers 

to Figure 5B (F) and Figure 6C, presenting expression levels of indicated proteins. H, Refers to Figure 6C, knock down 

efficiency of CRISPRi targeting on indicated protein was checked by RT-qPCR on transcriptional level. All data were 

normalized by Control –. “**” stands for P<0.001. 
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Abstract: 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by the 

expansion of a polyglutamine (polyQ) track on the N-terminal region of the huntingtin protein. 

Impaired neuronal proteostasis is a salient feature of HD and other neurodegenerative diseases, 

highlighting alterations in the function of the endoplasmic reticulum (ER). We previously reported 

that targeting the transcription factor XBP1, a key mediator of the ER stress response, delays disease 

progression in various models of neurodegeneration including HD. To identify disease-modifier genes 

that may explain the neuroprotective effects of XBP1 deficiency, we performed gene expression 

profiling of brain cortex and striatum of these animals and uncovered insulin-like growth factor 2 (Igf2) 

as the major upregulated gene. Cell culture studies revealed that IGF2 treatment decreases intracellular 

polyQ and mutant huntingtin aggregates, associated with a decrease in their half-life. However, this 

phenomenon was independent of the activity of autophagy and the proteasome pathways, the two main 

routes for mutant huntingtin clearance. Conversely, IGF2 signaling enhanced the secretion of mutant 

huntingtin through exosomes possibly involving changes in actin dynamics. Administration of IGF2 

into the brain of HD mice using a gene therapy approach led to a significant decrease in the levels of 

mutant huntingtin and improved motor performance. Finally, analysis of human postmortem brain 

tissue from HD patients and blood samples showed a reduction of IGF2 level. This study identifies 

IGF2 as a relevant factor deregulated in HD, operating as a disease modifier that buffers the 

accumulation of abnormal protein aggregates. 

 

Key words: Huntington’s Disease, IGF2, PolyQ, Aggregation, Secretion 
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Introduction 

Huntington ś disease (HD) is an autosomal and age-dependent neurodegenerative disease caused by a 

CAG codon repeat expansion within the gene encoding huntingtin (Htt), leading to the expression of an 

abnormal tract of glutamine residues (polyQ) at the N-terminal region (1). Expansions over 35 CAG repeats 

result in the development of HD, where the length of the polyQ track determines the age of disease onset 

and its severity (2, 3). Mutant Htt (mHtt) often forms insoluble inclusions that alter cellular functions 

possibly through a combination of a loss-of-function and gain-of-toxic mechanisms (4). HD is clinically 

characterized by a combination of motor, cognitive and behavioral symptoms caused by progressive 

neurodegeneration of the striatum and cerebral cortex, highlighting the selective vulnerability of medium 

spiny neurons (5). Importantly, many other neurodegenerative diseases, including Alzheimer ś disease 

(AD), Parkinson ś disease (PD) and amyotrophic lateral sclerosis (ALS), share the accumulation of 

abnormal protein aggregates, and are collectively classified as protein misfolding disorders (PMDs) (6, 7). 

Although a small fraction of PMDs are familial cases and involve a genetic mutation that causes the 

misfolding of a specific protein, in sporadic cases often the same proteins accumulate and aggregate, 

suggesting that alterations in the buffering capacity of the proteostasis network contribute to disease 

etiology (8, 9). Importantly, proteostasis impairment is also exacerbated during aging (10, 11), the main risk 

factor to develop PMDs. 

The maintenance of proteostasis relies on a constant monitoring of proteome alterations to avoid the 

accumulation of abnormal protein aggregates. The proteostasis network involves the dynamic integration 

of biological pathways that control the biogenesis, folding, trafficking and degradation of proteins (12). 

Although mHtt is known to localize to the cytoplasm, HD is characterized by various alterations impacting 

proteostasis control, including autophagy impairment, a decay in proteasomal activity, and disrupted ER 

function. The function of the ER and the secretory pathway are key elements of the proteostasis network 

that are disrupted in several brain diseases including HD (13–15). ER stress triggers a signaling pathway 

known as the unfolded protein response (UPR), which enforces adaptive programs that improve protein 

folding, quality control mechanisms, and degradative pathways. In contrast, prolonged ER stress results in 

apoptosis when damage is irreversible (16, 17). Overall, accumulating evidence suggests that altered ER 

proteostasis contributes to neurodegeneration in HD. For example, ER stress has been reported in human 

HD postmortem tissue in addition to animal and cellular models of the disease (18). Moreover, 

bioinformatic analysis of global gene expression data revealed major alterations to UPR signaling in HD 

(19). 

The UPR is initiated by the activation of specialized stress transducers highlighting inositol-requiring 

transmembrane kinase/endonuclease (IRE1α) as the most conserved signaling branch (17). IRE1α is an ER-

located kinase and endoribonuclease that, upon activation, controls the processing of the mRNA encoding 

X-box-binding protein 1 (XBP1), resulting in the expression of a stable and active transcription factor 
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known as XBP1s (20). XBP1s upregulates genes related to protein folding, quality control, ER translocation, 

ERAD, among other processes (21, 22). In simple model organisms, the expression of XBP1 in neurons 

controls organism aging (23), which may involve a crosstalk with classical signaling pathways regulating 

normal aging including the insulin-like growth factor (IGF) and FOXO (DAF16) pathways (24). Attempts 

to define the functional contribution of the UPR to HD led to surprising findings. Genetic ablation of XBP1 

in the nervous system significantly protected against experimental HD, despite initial prediction that 

targeting this pathway should exacerbate disease progression due to a loss of a central adaptive factor (25). 

These beneficial effects included an improvement in motor control and reduced neuronal loss, involving a 

dramatic reduction in mHtt levels and its aggregation (25). At the molecular level, the consequences of 

deleting XBP1 expression in neurons were mapped to the upregulation of autophagy, which explained in 

part the selective reduction of mHtt aggregates. Besides, ablation of IRE1/XBP1 expression in the brain 

has been also linked to neuroprotection in models of ALS (26), PD (27), and AD (28, 29) suggesting broader 

implications to neurodegenerative conditions. 

To uncover novel regulatory elements that may underlie the neuroprotective effects of XBP1 

deficiency in the brain, we performed a gene expression profile study in cortex and striatum of an 

XBP1 conditional knockout (XBP1cKO) and identified Igf2 as the major gene upregulated. Here, we 

provide evidence indicating that IGF2 signaling attenuates the accumulation of intracellular mHtt 

aggregates independent of the proteasome or autophagy pathways. Instead, IGF2 treatment enhanced 

the non-conventional secretion of mHtt into the extracellular space possibly through microvesicles 

and exosome release. We developed a therapeutic approach to deliver IGF2 into the brain using gene 

therapy, which resulted in significant reduction in mHtt levels and an improvement of motor 

performance of HD mice. We also monitored the levels of IGF2 in the brain and blood samples derived 

from HD patients and observed a marked downregulation. We propose that IGF2 signaling operates 

as a disease modifier, where its deregulation enhances the abnormal accumulation of mHtt in HD. 

Overall, this study uncover a novel connection between ER proteostasis and IGF2 as a mechanism to 

handle protein aggregates in HD. 

 

Results 

Igf2 is upregulated in the brain of XBP1 deficient mice 

To define the regulatory network involved in the neuroprotective effects triggered by XBP1 

deficiency, we crossbred XBP1cKO mice controlled by the Nestin-Cre system (30) with the YAC128 

HD mouse model on a heterozygous background. This transgenic HD model expresses the entire 

human HTT gene with 128 CAG repeats, spanning the entire genomic regions, including promoter, 

intronic, upstream and downstream regulatory elements (31). Animals of 12 to 14 months-old were 

euthanized and brain tissue was dissected to obtain cortex and striatum to perform a global gene 
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expression profile analysis using a total of 53 animals (Figure 1, A). Surprisingly, the extent of gene 

expression changes was modest among all genotypes. As expected, striatum was more affected than 

cortex consistent with the fact that it is the primary brain region altered in HD. A comparison, between 

the four genotypes and two brain tissues, indicated poor overlap in gene expression changes between 

brain cortex and striatum where only Acot1 and Igf2 expression was modified in both brain areas, 

showing higher expression in XBP1cKO mice (Figure 1, B). We performed ingenuity pathway analysis 

(IPA) to identify the cascade of upstream transcriptional regulators that may explain the observed 

changes. Using a filter that includes genes with known functions only in the central nervous system, 

Igf2 was the only relevant hit highlighted (Figure 1, C).  

 
Figure 1, XBP1 deficiency increases Igf2 expression levels.  

A, XBP1 conditional knockout mice in the nervous system (XBP1cKO) were crossed with YAC128 transgenic mice. 

Animals were breed to obtain the following genotypes: XBP1WT (n = 12), XBP1cKO (n = 17), XBP1WT-YAC128 (n = 13) and 

XBP1cKO-YAC128 (n = 11) mice. Animals were euthanized at 12-14 months of age and cortex and striatum dissected for 

gene expression profile studies. B, Gene expression was determined in animals described in a using Illumina BeadChip® 

platform and analyzed as described in materials and methods. Heatmaps were performed with significant differentially 

expressed genes from microarray analysis of cortex or striatum tissue of four experimental groups considering 1.6-fold 

change as cutoff. The normalized average signal of each group was displayed in the heatmap. Red color is used to 

indicate upregulated genes and green color for downregulation. C, Bioinformatics prediction of functional interactions of 

genes with IGF2 that are differentially expressed in XBP1cKO mice. These interactions were assessed by IPA analysis of 

the set of genes with altered expression. D, Igf2 mRNA levels were measured by real-time PCR in cDNA generated from 

striatal tissue of 9-months old XBP1cKO-YAC128 mice. E, Igf2 mRNA levels were determined in indicated brain tissues 

from XBP1cKO mice. In D and E data represents the average and SEM of the analysis of 3-6 animals per group. Statistically 

significant differences detected by one-tailed unpaired t-test (***: p < 0.0001; **: p < 0.001; *: p < 0.05). 

 

We then validated the changes in the expression levels of Igf2 and Acot1 in the brain of XBP1cKO-

YAC128 mice using real-time PCR. We observed an increase over 2 and 1.5-fold in the levels of Igf2 

and Acot1, respectively, in the striatum of XBP1cKO-YAC128 mice compared to control animals 
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(Figure 1, D). We also measured Igf2 mRNA levels in hippocampus, cortex, striatum and substancia 

nigra (midbrain) derived from XBP1cKO mice and detected a significant increase when compared with 

wild-type littermates (Figure 1, E). As control, we also monitored Igf1 levels and did not detect any 

significant differences between XBP1cKO and control mice (Supporting information 1, A), indicating 

that Xbp1 deficiency in the nervous system results in the selective upregulation of Igf2 expression. 

Although IGF2 is the less studied member of the insulin-like peptide family, which includes IGF1 and 

insulin, recent studies have uncovered the importance of IGF2 to brain physiology and 

neurodegenerative diseases (32). For example, IGF2 overexpression restored memory function and 

decreased the accumulation of amyloid β in models of AD (33, 34). In ALS, IGF2 is differentially 

expressed in resistant motorneurons and improves survival of mutant SOD1 mice (35). However, the 

mechanisms involved in these protective activities are completely unknown. Thus, we decided to 

explore the possible function of IGF2 as a disease modifier agent in HD 

 

IGF2 reduces polyQ and mHtt aggregation 

We first performed cell culture studies to monitor key parameters associated with mHtt 

pathogenesis. Neuro2a cells were transfected with expression vectors for polyQ79-EGFP together with 

IGF2 or empty vector (Mock) followed by the analysis of intracellular inclusions. Quantification of 

the number of cells containing GFP puncta by fluorescent microscopy revealed a strong reduction in 

the number of polyQ79-EGFP inclusions, when co-transfected with IGF2 vector (Figure 2, A). Then, 

we monitored the aggregation of polyQ79-EGFP using biochemical approaches. Again, IGF2 or IGF2-

HA expression led to a near complete reduction in the accumulation of high molecular weight and 

detergent insoluble species of polyQ79-EGFP using standard detection by western blot (Figure 2, B), 

whereas mRNA levels were equal in both conditions (Supporting information 2, A). Similar results 

were obtained when protein extracts were analyzed by filter trap, an assay that detects protein 

aggregates by size using a 200 nm cellulose acetate filter (Figure 2, C). Because similar results were 

obtained with both IGF2 and IGF2-HA constructs, the following experiments were performed using 

the tagged version. 

To evaluate if the effects on aggregation were specific for IGF2, we measured aggregation levels 

of polyQ79-EGFP in cells co-transfected with an IGF1 expression vector. Side-by-side comparison 

indicated that only IGF2 reduced the levels of polyQ79-EGFP aggregates (Figure 2, D). We then 

performed additional control experiments and determined the effects of IGF2 in the aggregation of 

ALS-linked mutant SOD1G85R. Remarkably, the co-expression of mutant SOD1 with IGF2-HA also 

modified its aggregation as assessed by western blot (Figure 2, E and Supporting information 2, B), 

suggesting broader implications to proteostasis control.  

To define if IGF2 exerts its function extracellularly, we treated cells expressing polyQ79-EGFP 



Chapter 5 

 

101 
 

with conditioned media enriched in IGF2. Additionally, in these experiments we included a construct 

that expresses a fragment of mutant huntingtin spanning exon 1 with 85 CAG repeats (GFP-mHttQ85). 

We transiently expressed polyQ79-EGFP or GFP-mHttQ85 in Neuro2a cells pretreated with IGF2-

enriched media generated from Neuro2a cells transfected with IGF2 or empty vector for 24 h. A clear 

reduction in protein aggregation was observed in cells exposed to IGF2-enriched media using different 

assays (Figure 3, A-C). These results suggest that IGF2 may exert its function in a paracrine manner, 

probably activating signaling pathways through the binding to a membrane receptor. Interestingly, 

treatment of cells with insulin did not reduce polyQ79-EGFP aggregation levels in our cellular model 

(Figure 3, D), similar to the results with IGF1 overexpression.  

 
Figure 2, IGF2 expression reduces the levels of polyQ79 aggregates. 

A, Neuro2a cells were co-transfected with a polyQ79-EGFP expression vector and IGF2 plasmid or empty vector 

(Mock). 24 or 48 h later, the number of polyQ79-EGFP inclusions were visualized by fluorescence microscopy (left panel) 

and quantified (right panel; n = 100 to 350 cells per experiment). Scale bar, 20 µm. B, PolyQ79 aggregates were analyzed 

in whole cell extracts by western blot analysis using an anti-GFP antibody. A non-tagged version of IGF2 expression vector 

was also included. The presence of high molecular weight (HMW) species is indicated. Hsp90 and IGF2 levels were also 

determined (left panel). PolyQ79 aggregates levels were quantified and normalized to Hsp90 levels (right panel). C, Filter 

trap assay was performed in the same cells extracts analyzed in b (left panel) and quantified at 24 h (right panel). D, 

Neuro2a cells were transiently co-transfected with polyQ79-EGFP together with plasmids to express IGF1, IGF2 or empty 

vector (Mock). The presence of polyQ79-EGFP aggregates was analyzed in whole cell extracts after 24 h by western blot 

analysis. Hsp90 expression was monitored as loading control. E, Neuro2a cells were co-transfected with polyQ79-EGFP 

or SOD1G85R-GFP and IGF2 plasmid or empty vector (Mock). After 24 h, polyQ and SOD1 aggregation were measured in 

total cell extracts using western blot under non-reducing conditions (without DTT). Hsp90 expression was monitored as 

loading control. In all quantifications, values represent the mean and SEM of at least three independent experiments. 

Statistically significant differences detected by two-tailed unpaired t-test (***: p < 0.0001; **: p < 0.001; *: p < 0.05). 

 

We then evaluated if IGF2 could reduce the content of pre-formed aggregates. Thus, we expressed 

polyQ79-EGFP or GFP-mHttQ85 for 24 h and then treated Neuro2a cells with IGF2-enriched or control 

media. In agreement with our previous results, exposure of cells to IGF2-conditioned media attenuated 

the load of misfolded polyQ79-EGFP or GFP-mHttQ85 species (Figure 3, E-F), suggesting that IGF2 

may trigger the degradation or disaggregation of abnormal protein aggregates.  

 

IGF2 reduces the half-life of intracellular mHtt 
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Figure 3, IGF2 treatment reduces the accumulation of polyQ79 and mHttQ85 aggregates.  

A, Neuro2a cells were transfected with polyQ79-EGFP or mHttQ85-GFP expression vectors in presence of IGF2-

enriched cell culture media.  24 h later polyQ79-EGFP and mHttQ85-GFP inclusions were visualized by microscopy (upper 

panel) and quantified (bottom panel; n = 100 to 350 cells per experiment). Scale bar 20 µm. B, Neuro2a cells were 

transfected with polyQ79-EGFP or mHttQ85-GFP expression vectors in presence of IGF2-enriched cell culture media. 24 h 

later the aggregation levels of polyQ79 or mHttQ85 were determined by western blot analysis using anti-GFP antibody. 

Hsp90 expression was monitored as loading control. C, Filter trap assay was performed using the same protein extracts 

analyzed in b to quantify polyQ79-EGFP aggregates. D, Neuro2a cells were transfected with polyQ79-EGFP in presence 

of 1 μM insulin. 24 h later the aggregation of polyQ79 protein was measured in total cell extracts by western blot. Hsp90 

expression was monitored as loading control. E, Neuro2a cells were transfected with polyQ79-EGFP or mHttQ85-GFP 

expression vectors. After 24 h cells were treated with IGF2-enriched cell culture media and 24 h later aggregation levels 

determined and quantified by western blot analysis using anti-GFP antibody. Hsp90 levels were monitored as loading 

control. F, Filter trap assay was performed in the same cell extracts analyzed in e and polyQ79-EGFP aggregates were 

detected using anti-GFP antibody. In all quantifications, average and SEM of at least three independent experiments are 

shown. Statistically significant differences detected by two-tailed unpaired t-test (***: p < 0.0001; **: p < 0.001; *: p < 0.05). 

 

The attenuation in the steady-state levels of mHtt aggregates induced by the exposure of cells to 

IGF2 may be explained by a reduction in the synthesis or an increase in the rates of mHtt degradation. 

We performed pulse-label experiments in HEK293T cells co-transfected with a GFP-mHttQ43 

construct together with IGF2 or Mock. To evaluate synthesis rate, a pulse with S35 labeled methionine 

and cysteine was performed for increasing intervals on a total period of 60 minutes. These experiments 

indicated that the synthesis of mHtt was identical in cells expressing or not IGF2 (Figure 4, A). In 

addition, general protein synthesis was not affected by IGF2 expression (Supporting information 3, 

A). Then, we monitored the decay in the levels of GFP-mHttQ43 in cell extracts using pulse-chase to 

define its half-life. Remarkably, expression of IGF2 dramatically reduced the presence of intracellular 

GFP-mHttQ43 from 8.99 ± 5.23 to 0.98 ± 0.45 h (Figure 4, B) without affecting the global stability of 

the proteome (Supporting information 3, B). Taken together, our data suggests that IGF2 signaling 

reduces the content of mHtt associated with a shortening of the half-life of the protein inside the cell. 
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The autophagy and proteasome pathways are not involved in the reduction of polyQ 

aggregates induced by IGF2 

Two major protein degradation pathways are well-known to mediate the clearance of mHtt which 

are the proteasome and macroautophagy (36, 37). We monitored mHtt levels after inhibiting lysosomal 

function with chloroquine or proteasome-mediated degradation with bortezomib. HEK293T cells were 

co-transfected with GFP-mHttQ43 and IGF2 expression vectors. After 24h the radioactive pulse was 

performed followed by chasing at 21 h in the presence of the inhibitors. Surprisingly, neither 

chloroquine nor bortezomib treatments reverted the effects of IGF2 on mHtt levels (Figure 4, C, see 

controls of inhibitors in Supporting information 3, C).  

Since pulse chase methodology demonstrated that IGF2 decreases mHtt intracellular content, we 

performed further experiments to determine if autophagy or the proteasome mediate the reduction in 

the load of polyQ aggregates. Although a slight increase in the number of intracellular inclusions was 

observed at basal conditions after treating cells with the proteasome inhibitors lactacystin or MG132, 

no changes were observed in the number of polyQ79-EGFP inclusions in IGF2 transfected cells in 

presence of the inhibitors when compared to vehicle (Figure 4, D and Supporting information 4, A). 

We confirmed these observations by measuring polyQ79-EGFP aggregation by western blot and filter 

trap (Figure 4, E and Supporting information 4, B; see controls of inhibitors Supporting information 

4, C). Interestingly, the basal effects of inhibiting the proteasome on the levels of polyQ aggregates 

was lost in IGF2 treated cells, suggesting that IGF2 signaling bypassed the housekeeping function of 

the proteasome pathway over polyQ clearance. 

Based on our previous studies linking XBP1 deficiency with the upregulation of autophagy in 

neurons, we evaluated autophagy activation in cells overexpressing IGF2. Neuro2a cells were 

transfected with IGF2 in the presence or absence of a polyQ79-EGFP expression vector. Then, 

autophagy flux was monitored after inhibiting lysosomal activity with chloroquine, followed by the 

analysis of LC3 and p62 levels (38). We observed that IGF2 did not stimulate autophagy in Neuro2a 

cells, but instead reduced LC3-II accumulation (Figure 4, F). A similar trend was observed when we 

measured p62 levels in cells expressing polyQ79-EGFP (Supporting information 4, D). Similarly, 

treatment of cells with chloroquine did not recover protein aggregation of cells exposed to IGF2 

(Figure 4, G-I; see control of inhibitors in Supporting information 4, E). We confirmed these results 

using HEK293T cells (Supporting information 4, F-G, see control of inhibitors Supporting information 

4, H). We obtained the same results using the autophagy inhibitors 3-methyladenine or bafilomycin 

A1 (Supporting information 4, I-J). Overall, these results suggest that the reduction in the load of polyQ 

aggregates induced by IGF2 treatment is independent of the proteasome and autophagy/lysosomal 

pathways. 
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Figure 4, Stimulation of cells with IGF2 reduces the half-life of mHtt aggregates.  

A, HEK293T cells were co-transfected with GFP-mHttQ43 expression vector with IGF2 plasmid (middle panel) or 

empty vector (Mock) (upper panel), and then pulse labeled with 35S for indicated time points. Autoradiography (AR) 

indicated the 35S signal for each time point. Data were quantified and normalized to time point 0 h (lower panel). B, 

HEK293T cells were co-transfected with GFP-mHttQ43 expression vector with IGF2 plasmid (middle panel) or empty vector 

(Mock) (upper panel), and then pulse labeled with 35S for indicated time points and the decay of the radioactive signal 

during chasing was monitored as described in materials and methods. Autoradiography (AR) indicated the 35S signal for 

each time point. Data were quantified and normalized to the time point 1 h (lower panel). C, HEK293T cells were 

transfected with GFP-mHttQ43 and IGF2 expression vectors. Pulse was performed 24 h after transfection. Cells were 

treated with 30 μM chloroquine (CQ) or 1 µM bortezomib (Bort) at the beginning of the chasing for additional 21 h (upper 

panel). Data were quantified and normalized to time point 1 h (lower panel). D, Neuro2a cells were co-transfected with a 

polyQ79-EGFP expression vector and IGF2 plasmid or empty vector (Mock) for 8 h and then treated with 1 μM lactacystin 

(Lact) for additional 16 h (upper panel). Quantification of aggregates per cell was performed (lower panel; n = 100 to 350 

cells per experiment). E, Neuro2a cells were co-transfected with a polyQ79-EGFP expression vector and IGF2 plasmid or 

empty vector (Mock) for 8 h, and then treated with 1 μM lactacystin (Lact) or 1 µM MG132 for additional 16 h. PolyQ79-
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EGFP aggregation was analyzed in whole cells extracts by western blot using anti-GFP antibody and quantified (lower 

panel). Hsp90 expression was analyzed as loading control (upper panel). F, Neuro2a cells where co-transfected with a 

polyQ79-EGFP expression vector and IGF2 plasmid or empty vector (Mock) for 8 h, and then treated with 30 μM 

chloroquine (CQ) for additional 16 h. Endogenous lipidated LC3-II levels were monitored by western blot using anti-LC3 

antibody. Hsp90 expression was monitored as loading control (upper panel). LC3 II levels were quantified and normalized 

to Hsp90 (lower panel). G, Neuro2a cells were co-transfected with polyQ79-EGFP and IGF2 expression vectors or empty 

vector (Mock) for 8 h, and then treated with 30 μM CQ for additional 16 h (upper panel). Quantification of aggregates per 

cell was performed (lower panel; N = 100 to 350 cells per experiment). H, Neuro2a cells were co-transfected with polyQ79-

EGFP and IGF2 expression vectors or empty vector (Mock) for 8 h, and then treated with 30 μM CQ for additional 16 h. 

PolyQ79-EGFP aggregation was analyzed in whole cells extracts by western blot using anti-GFP antibody and quantified 

(lower panel). Hsp90 expression was monitored as loading control (upper panel). I, Filter trap was performed using the 

same cells extracts analyzed in H. In all quantifications, average and SEM of at least three independent experiments are 

shown. Statistically significant differences detected by two-tailed unpaired t-test (***: p < 0.0001; **: p < 0.001; *: p < 0.05). 

 

IGF2 signaling triggers mHtt secretion through exosomes 

Since IGF2 administration bypassed the basal clearance of polyQ aggregates by the main 

degradative pathways, we explored the possibility that these aggregates were redirected to another 

compartment. mHtt has been found in the cerebrospinal fluid, as well as in neuronal allografts 

transplanted into the brain of HD patients, suggesting that the protein can be secreted and transmitted 

from cell to cell. Recent studies in cell culture models validated this concept suggesting that mHtt can 

be exported to the extracellular space by non-conventional mechanisms (39). To determine the impact 

of IGF2 treatment in mHtt secretion, we monitored its presence in the cell culture media. Remarkably, 

a marked secretion of polyQ79-EGFP was observed in presence of IGF2 when cell culture media was 

analyzed using dot blot (Figure 5, A, left panel). Similarly, analysis of SOD1G85R levels in the cell 

culture media indicated that IGF2 induces its secretion (Figure 5, A, middle panel), whereas no 

changes where observed in a cytosolic marker such as tubulin (Fig 5A, right panel). We then 

determined whether polyQ aggregates were also secreted upon IGF2 treatment. We detected large 

polyQ79 aggregates outside the cell using filter trap, a phenomenon that was incremented in cells 

expressing IGF2 (Figure 5, B).  

Since IGF2 is a soluble factor we evaluated which receptors mediated the enhancement of mHtt 

secretion. Thus, we used siRNAs to interfere insulin and IGF1 receptors (InsR and IGF1R), in addition 

to a blocking antibody to target the IGF2 receptor (IGFR2). Remarkably, antagonizing IGF2R almost 

completely blocked the secretion of polyQ, whereas the knockdown of InsR or IGF1R did not have 

any affect (Figure 5, C). Taken together, these results indicate that IGF2 signaling induces a 

detoxification mechanism through the engagement of IGF2R that results in extracellular disposal of 

abnormal polyQ aggregates. 

While the precise mechanism of mHtt secretion is not completely understood, several possibilities 

have been suggested, including synaptic vesicle release, vesicular transport, exosomes/extracellular 

vesicles, exophers, secretory lysosomes (39-41). Since the initial link connecting IGF2 with mHtt was 

through the UPR, we evaluated if polyQ aggregates were secreted by the conventional secretory 

pathway. Blocking ER to Golgi trafficking with brefeldin A was unable to ablate polyQ79-EGFP 
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secretion in IGF2 stimulated cells (Figure 5, D and E). We then explored the presence of polyQ79-

EGFP in extracellular vesicles. First, we used the NanoSight, a nanoparticle tracking analysis system, 

to determine the size distribution and concentration of vesicles in the cell culture media of IGF2-

stimulated cells. We found enhanced release of vesicles in IGF2-stimulated cells, showing an average 

diameter between 30-150 nm, whereas a minor portion (<1%) had a larger diameter (Figure 5, F). 

Interestingly, we observed that the population of vesicles increased under IGF2 expression picked 

around 100 nm, suggesting an enhancement of exosome release (42).  

We purified extracellular vesicles followed by western blot analysis (Figure 5, G) and observed 

higher content of polyQ79-EGFP in vesicles obtained from IGF2 expressing cells. We then isolated 

microvesicles and exosome-enriched fractions through sequential centrifugation. Remarkably, 

increased levels of polyQ79-EGFP were detected in both fractions in cells expressing IGF2 (Figure 5, 

H, see controls of purification in Supporting information 5). Thus, IGF2 signaling enhances the 

secretion of polyQ through exosomes and microvesicles. 

 

Cytoskeleton remodeling contributes to polyQ secretion induced by IGF2  

IGF2 signaling is poorly described and there is little information available about its molecular 

effectors. To define possible cellular components mediating IGF2 signaling, we employed an unbiased 

approach to screen for global changes in protein expression. To characterize proteome remodeling 

upon stimulation with IGF2, we applied quantitative proteomics using Stable Isotope Labeling by 

Amino Acids in Cell Culture (SILAC)-Multi-Dimensional Protein Identification Technology 

(MuDPIT) (43). Using this approach, we identified a total of 202 proteins that changed their expression 

levels with a p value < 0.05 and a minimum log2 > 0.1-fold change (Figure 6, A and Table S1). IGF2 

expression did not result in major proteomic changes. However, functional enrichment analysis 

revealed that IGF2 expression triggered fluctuations in proteins related to macromolecular complex 

disassembly, protein transport and cytoskeleton reorganization (Figure 6, B). A cluster of proteins 

modified by IGF2 were related to actin cytoskeleton dynamics and regulation, including several actin 

binding proteins, Rho GTPases, vimentin, dynactin, dyneins among other factors (Table 1).  

Since actin cytoskeleton is key to modulate protein secretion and vesicular trafficking (44), we 

decided to explore if IGF2 had any impact in the regulation of actin cytoskeleton dynamics using 

Lifeact, a fluorescent protein designed to visualize polymerized actin in living cells (45). Neuro2a 

cells were plated on coverslips and recorded using time-lapse confocal microscopy. Unexpectedly, 

IGF2 treatment generated very fast changes in acting dynamics and cell morphology within minutes,  
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Figure 5, IGF2 enhances the extracellular release of polyQ79 and mHttQ85 through unconventional secretion.  

A and B, Neuro2a cells were co-transfected with polyQ79-EGFP or SOD1G85R plasmid and IGF2 plasmid or empty 

vector (mock). After 16 h, cell culture media was replaced for Optimem and then collected after 24 h for dot blot or filter 

trap analysis (B). C, Neuro2a cells were transfected with siRNAs against InsR or IGF1R mRNAs. After 24 h, cells were 

co-transfected with polyQ79-EGFP and IGF2 expression vector or empty vector (Mock). Then, cell culture media was 

replaced for Optimem for 24 h. In addition, an anti-IGF2R was added when indicated.  The presence of polyQ79-EGFP 

in the cell culture media analyzed by dot blot using an anti-GFP antibody and quantified. Right panel: the knockdown of 

indicated proteins was confirmed in cell extracts using semi-quantitative PCR. D, Neuro2a cells were co-transfected with 

polyQ79-EGFP and IGF2 plasmid or empty vector (Mock). Then, cell culture media was replaced for Optimem for 8 h and 

treated with 2 μM brefeldin A (Bref A) or vehicle for additional 16 h. Cell culture media was collected and analyzed by dot 

blot using an anti-GFP antibody (upper panel) and quantified (lower panel). E, Neuro2a cells were co-transfected with 

polyQ79-EGFP plasmid and IGF2 plasmid or empty vector (Mock) for 8 h and then treated with 2 μM brefeldin A (Bref A) 

or vehicle for additional 16 h. PolyQ79-EGFP aggregates were analyzed in cell lysates by western blot using anti-GFP 

antibody. Hsp90 expression was monitored as loading control. F, Extracellular vesicles from Neuro2a were analyzed by 

NanoSight nanotracking analysis and plotted by size (upper panel) and total concentration (lower panel) in cells 

expressing or not with IGF2. G, Extracellular vesicles from Neuro2a cells co-transfected with polyQ79-EGFP and IGF2 

expression vectors or empty vector (Mock) were concentrated followed by western blot analysis. H, Isolated microvesicles 

(MV) and exosomes from Neuro2a cells co-transfected with polyQ79-EGFP and IGF2 expression vectors or empty vector 

(Mock) were analyzed by western blot.  In all quantifications, average and SEM of at least three independent experiments 

are shown. Statistically significant differences detected by two-tailed unpaired t-test (***: p < 0,0001; **: p < 0.001; *: p < 

0.05). 
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reflected in increased development of filopodia and the appearance of actin clusters in the cytosol of 

the cell (Figure 6, C). These results were confirmed in murine embryonic fibroblasts by visualizing 

the actin cytoskeleton in fixed cells stained with phalloidin-rhodamine (Figure 6, D).  

Actin cytoskeleton dynamics are dependent on the activity of small GTPases from the Rho family 

(46). Among the small GTPases of the Rho family, Cdc42, Rac, and Rho are recognized as the most 

important regulators of actin assembly, controlling the formation of filopodia, lamellipodia, and stress 

fibers (47). Considering the central role of Rac1 in cyoskeleton dynamics, we evaluated Rac activity 

upon IGF2 stimulation. Neuro2a cells were treated for 5 minutes with IGF2-enriched media and Rac1 

activity was measured using pull-down assays using p21-activated kinase that binds specifically to the 

Rac1-GTP but not to the inactive form of Rac1 (Rac1-GDP) (48), followed by western blot analysis. 

As shown in figure 6E, the amount of active Rac1 coupled to GTP was increased very quickly after 

IGF2 treatment. 

 
Table 1, List of proteins modified by IGF2 expression related to actin cytoskeleton dynamics. 

 

We tested the functional contribution of actin dynamics to the release of polyQ aggregates into 

the extracellular space. Neuro2a cells were transiently transfected with both a dominant negative 
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Figure 6, IGF2 signaling induces the release of polyQ aggregates through cytoskeleton remodeling.  

A, Quantitative proteomics was performed in protein extracts derived from Neuro2a cells transiently transfected with 

IGF2 or empty vector (Mock) for 24 h. Data was analyzed and plotted in a volcano graph as fold-change. Vertical dashed 

lines indicate a log2 > 0.1 of fold change. Proteins related to actin cytoskeleton function are highlighted in green. Dots in 

blue represent associated proteins to actin cytoskeleton with a log2 < 0.1 fold-change. B, Bioinformatics analysis of 

quantitative proteomics to uncover molecular processes affected by IGF2 expression after a functional enrichment 

analysis. Blue scale refers to the number of proteins that are known to be involved in each pathway. Red scale refers to 

the number of proteins altered in IGF2 overexpressing cells for each pathway. C, Neuro2a cells were transfected with a 

plasmid encoding Life-Actin to monitor actin cytoskeleton dynamics. Cells were plated onto fibronectin-coated plates and 

recorded by time-lapse confocal microscopy every 40 s for 5 min. Time-lapse microscopy was performed after treatment 

with IGF2-enriched media (left panel). Quantification of cortical and internal actin clusters are shown (right panel). D, 

Phalloidin-rhodamine staining of MEF cells after 5 minutes of treatment with IGF2-enriched media. Scale bar = 50 µm 

(right panel). Quantification of actin clusters is presented (left panel). E, Neuro2a cells were treated with IGF2-enriched 

media or control media derived from Mock transfected cells. After 5 min, cells were lysated and cell extracts prepared to 

measure Rac1-GTP levels by pulldown assay using GST-CRIB domain. Pull down and total cell lysates were evaluated 

by western blot using anti-Rac1 antibody. Total Rac1 and tubulin monitored as loading control (upper panel). Rac1-GTP 

levels were quantified and normalized to total Rac1 and tubulin (lower panel). F, Neuro2a cells were transfected with 

RacN17 or RacV12 or empty vector (Mock). 24 h later cells were co-transfected with expression vectors for polyQ79-EGFP 

and IGF2 or empty vector (Mock) and then incubated with Optimem. The presence of polyQ79-EGFP in the cell culture 

media was determined using dot blot (upper panel) and quantified (lower panel). G, Neuro2a cells were co-transfected 

with expression vectors for polyQ79-EGFP and IGF2 or empty vector (Mock). Then, cell culture media was replaced for 

Optimem for 8 h and treated with 100 μM NSC23766 (NSC) for additional 16 h. Cell culture media was collected and 

analyzed by dot blot using an anti-GFP antibody (upper panel) and quantified (lower panel). H, Neuro2a cells were co-

transfected with polyQ79-EGFP plasmid and IGF2 plasmid or empty vector (Mock) for 8 h and then treated with 100 μM 

NSC23766 (NSC) or vehicle for additional 16 h. PolyQ79-EGFP aggregates were analyzed in cell lysates by western blot 

using anti-GFP antibody. Hsp90 expression was monitored as loading control (upper panel). PolyQ79-EGFP aggregates 

were quantified and normalized to Hsp90 levels (lower panel). In all quantifications, average and SEM of at least three 

independent experiments are shown. Statistically significant differences detected by two-tailed unpaired t-test (***: p < 

0.0001; *: p < 0.05). 



IGF2 protects against HD through the extracellular disposal of protein aggregates 

110 
 

(Rac117N) and a constitutive active (Rac1V12) forms of Rac1. Remarkably, Rac117N was able to block  

IGF2-enhanced secretion while Rac1V12 expression facilitated polyQ79-EGFP secretion at basal levels 

(Figure 6, F). In agreement with these findings, inhibition of Rac1-GTPase activity with NSC23766 

almost completely blocked the secretion of polyQ79-EGFP (Figure 6, G). These effects paralleled with 

an increase in the levels of intracellular polyQ79-EGFP aggregation in cells treated with IGF2 in the 

presence of NSC23766 (Figure 6, H). Taken together, these results suggest that IGF2 signaling triggers 

rapid changes in cytoskeleton dynamics that result in the routing of polyQ aggregates into the 

extracellular space. 

 

IGF2 reduces mHtt aggregation in vivo 

Based on the significant reduction of mHtt aggregation observed in cells overexpressing IGF2, 

we moved forward to develop a therapeutic strategy to deliver IGF2 into the brain of HD mice and 

assess the impact on mHtt levels. For gene transfer experiments in vivo, we packed the IGF2 cDNA 

into an adeno-associated viral vector (AAV) using serotype 2, which has a high tropism for neurons 

(49, 50). We previously developed an animal model of HD to monitor mHTT aggregation based on 

the local delivery into the striatum of a large fragment of mHtt of 588 amino acids containing 95 

glutamine repetition fused to monomeric RFP (Htt588Q95-RFP) (51). To validate the effects of IGF2 

on the aggregation of this mHtt construct, we first performed co-expression experiments in Neuro2a 

cells followed by fluorescent microscopy and western blot analysis. IGF2 expression decreased mHtt 

aggregation in both experimental settings (fig S6A).  

To determine the possible impact of IGF2 in mHtt aggregation levels in vivo, we performed 

bilateral stereotaxic co-injections of a mixture of AAVs to deliver Htt588Q95-RFP together with IGF2 

or empty vector (Mock) into the striatum. Two weeks after AAV delivery, mice were euthanized, and 

striatum was dissected for biochemical analysis. We confirmed the overexpression of IGF2 in the 

striatum using PCR (Supporting information 6, B). Local expression of IGF2 in adult mice resulted 

on a marked decrease of mHtt aggregation of near 90% when evaluated by western blot analysis 

(Figure 7, A). To assess the impact of overexpressing IGF2 on neuronal survival, we measured 

DARPP-32 levels as a marker of medium spinal neuron loss (25). Interestingly, a significant increase 

in the levels of DARPP-32 was detected in AAV-IGF2-treated animals (Figure 7, A). 

Based on our positive results obtained using the viral HD model, we then evaluated our gene 

therapy to deliver IGF2 on the YAC128 transgenic model. First, we performed stereotaxis injections 

of AAV-IGF2 or empty vector into the striatum of 3-month old YAC128 mice on a heterozygous 

condition followed by biochemical analysis of brain extracts four weeks later. This strategy led to a 

significant reduction of full-length mHtt expression in the striatum reaching near 80% decrease on 

average (Figure 7, B). Because stereotaxis injections only transduce a restricted area of the striatum, 

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds040/-/DC1
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we employed a second route of AAV delivery to generate a global spreading of the viral particles 

through the brain to assess the impact of IGF2 on motor control. The delivery of AAVs into the 

ventricle of new-born pups has been reported to result on an efficient spreading of the virus throughout 

the nervous system (52). We injected AAV-IGF2 or control vector in postnatal day 1 or 2 (P1-P2) 

YAC128 mice and dissected the striatum after 3 months. Western blot analysis demonstrated that IGF2 

expression significantly reduces the levels of mHtt in the brain of YAC128 animals (Figure 7, C, see 

controls for IGF2 expression in Supporting information 6, C). Finally, we determined the functional 

consequences of administrating our IGF2-based gene therapy on the clinical progression of 

experimental HD. We monitored the motor performance of YAC128 mice in control or AAV-IGF2 in 

the postnatal-treated animals using the rotarod assay. Remarkably, delivery of IGF2 into the nervous 

system improved motor performance of HD transgenic mice (Figure 7, D). Taken together, these 

results indicate that the enforcement of IGF2 expression in the brain is protective in HD models. 

 
Figure 7, Gene therapy to deliver IGF2 into the striatum reduces mHtt aggregation in HD mouse models.  

A, Three-month-old wild type mice were co-injected with adeno-associated viral (AAV) vectors expressing 

mHtt588Q95-RFP and IGF2 or empty vector (Mock). Two weeks after, striatum was dissected and mHtt aggregation was 

analyzed in total protein extracts by western blot analysis using anti-polyQ antibody. DARPP32 levels were also 

determined in the same samples. Hsp90 and tubulin expression were monitored as loading control (upper panel). 

mHtt588Q95-RFP aggregates or DARPP32 levels were quantified and normalized to Hsp90 levels (lower panel) (AAV 

Mock: n = 5; AAV IGF2: n = 6). B, Three-month-old YAC128 transgenic mice were injected with AAV IGF2 or AAV Mock 

into the striatum using bilateral stereotaxis. Four weeks later, striatum was dissected and mHtt aggregation monitored by 

western blot using anti-polyQ antibody. Tubulin expression was monitored as loading control (upper panel). mHtt 

aggregates levels were quantified and normalized to tubulin levels (lower panel) (AAV Mock: n = 6; AAV IGF2: n = 5). C, 

YAC128 mice were injected at postnatal stage (P1-P2) into the ventricle with AAV IGF2 or AAV Mock. Three months later, 

striatum was dissected and mHtt aggregation levels were analyzed by western blot using anti-polyQ antibody. Hsp90 

levels were determined as loading control (left panel). mHtt aggregates levels were quantified and normalized to Hsp90 

levels (right panel) (AAV Mock: n = 5; AAV IGF2: n = 4). D, YAC128 and littermate control mice were injected with AAVs 

as indicated in c. Motor performance was monitored from the age of 3 to 8 months once every two weeks. The analysis 

shows the average of the group at each time point (AAV Mock: n = 11; AAV IGF2: n = 9). Statistically significant differences 

detected by two-tailed unpaired t-test (**: p < 0.001; *: p < 0.05). 

 

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds040/-/DC1
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IGF2 levels are reduced in the striatum and blood samples of HD patients. 

Due to the dramatic effects of IGF2 on mHtt aggregation, we moved forward to explore the 

possible alterations on IGF2 expression in HD patient samples. We monitored the levels of IGF2 in 

human caudate-putamen derived from HD patients and age-matched control subjects obtained from 

the Harvard Brain Bank (Table S2). Western blot analysis of protein extracts revealed a near 66% 

reduction on average of IGF2 levels in the brain of HD patients when compared to the control group 

(Figure 8, A).  

Considering the unexpected decrease of IGF2 levels in HD postmortem brain tissue, we evaluated 

the presence of IGF2 in peripheral blood mononuclear cells (PBMC) from HD patients. We obtained 

blood samples from a cohort of 24 patients recruited in the Enroll-HD international platform (Table 

S3). Unexpectedly, although control PBMCs presented a clear expression of IGF2, HD-derived cells 

were almost negative for IGF2, observing an almost 80% decrease on its protein levels using western 

blot analysis (Figure 8, B). This phenomenon correlated with a near 90% decreased in Igf2 mRNA 

levels (Figure 8, C). Since IGF2 is a soluble secreted factor and its plasma levels have been suggested 

as a possible biomarker of cancer (53, 54), we decided to measure the quantity of IGF2 in plasma from 

HD patients using ELISA. This analysis revealed a slight but significant decrease in the amount of 

circulating IGF2 present in the plasma samples derived from HD patients when compared to control 

subjects (Figure 8, D), which may be related to the different contribution of tissues and cell types to 

plasmatic IGF2 levels. Taken together, these results suggest that IGF2 levels are drastically reduced 

in the brain and blood cells of HD cases. 

 

Discussion 

Proteostasis impairment is observed in a variety of neurodegenerative diseases, and is as a central 

hallmark of aging (55). Our previous studies uncovered an unexpected connection between the UPR 

and autophagy, two central nodes of the proteostasis network, where a dynamic balance between both 

pathways sustain cellular function (25, 26). However, it remained to be defined if other mechanisms 

may underlie the beneficial effects of XBP1 deficiency in neurons. Although mHtt is expressed in 

most cell types since development, the disease usually manifests during adulthood, depending on the 

length of the polyQ track. Thus, it is speculated that additional factors may influence the appearance 

of disease signs. To identify novel disease modifiers, we performed a gene expression profile analysis 

of striatal and cortical areas of XBP1 ablated animals and uncovered the upregulation of Igf2 as the 

major hit. This prompted us investigating the consequences of manipulating IGF2 in the context of 

HD.  

IGF1 and IGF2 are mitogenic polypeptides with structural homology to insulin. IGF2 binds 

with higher affinity to IGF2R, but can also associate with lower affinity to IGF1R and the insulin 
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Figure 8, IGF2 levels are downregulated in the brain and blood of HD patients.  

A, IGF2 protein levels were measured in human post mortem samples containing the caudate-putamen region from 

HD patients in stages 3 and 4 by western blot. GADPH was monitored as loading control (left panel). IGF2 levels were 

quantified and normalized to GADPH levels (right panel). B, Total protein extracts were generated from freshly isolated 

peripheral blood mononuclear cells (PBMC) from HD patients and control subjects. IGF2 expression levels were 

determined using western blot analysis. GADPH was determined as loading control (left panel). IGF2 levels were 

quantified and normalized to GADPH levels (right panel). C, IGF2 mRNA levels were measured by real-time PCR in PBMC 

obtained from HD patients and control subjects. D, IGF2 content in plasma from blood obtained from HD patients and 

control subjects was measured by ELISA. In all quantifications, statistically significant differences detected by two-tailed 

unpaired t-test (***: p <0.0001; **: p < 0.001; *: p < 0.05). E, Proposed model: IGF2 reduces mHtt levels through 

unconventional secretion. In HD patients, the downregulation of IGF2 expression enhances the content of mHtt (left panel). 

When IGF2 is upregulated using gene therapy, IGF2R signaling enhances the secretion of mHtt into the extracellular 

space involving actin cytoskeleton remodeling and possibly microvesicles and exosomes (right panel). 
 

receptor (56, 57). IGF2 regulates cell proliferation, growth, differentiation and survival (58). In general, 

the biological effects of IGF2 have been historically mapped to the IGF1R, and to a lower extent to 

the insulin receptor, impacting cell survival and proliferation (59). Unlike insulin and IGF1 receptors, 

IGF2R does not have intrinsic tyrosine kinase activity and has higher affinity for IGF2 than IGF1, and 

does not bind insulin (60). IGF2R controls extracellular IGF2 levels as it promotes its endocytosis 

toward lysosomal-mediated degradation (60). However, IGF2R can initiate specific responses 

affecting various cellular processes, possibly involving the activation of heteromeric G proteins, and 

downstream calcium signaling, in addition to the activation of PKC and MAP kinases (reviewed in 
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(60)). Intracellular IGF2R also controls the uptake and trafficking of lysosomal enzymes from the 

trans-Golgi network to the lysosomes (60). While fetal IGF2 is abundant, its level decreases after birth. 

In humans, altered dosage of the IGF2 gene can result in developmental problems (60) and its 

deregulation has been widely correlated with cancer (61). In adults, IGF2 is almost exclusively 

expressed in the brain, especially in the choroid plexus, the brain vasculature and meninges (62). Initial 

assessment  of the significance of IGF2 expression to animal physiology was provided by the 

observation that full knockout animals develop growth defects (63), whereas it overexpression 

generates embryonic lethality (64, 65).  

Recent findings highlight a physiological function of IGF2 in cognition, neuronal differentiation 

and survival. Several studies have demonstrated the relevance of IGF2 to memory consolidation (66–

68), in addition to memory extinction (69), and cognitive and social learning (70, 71). At the molecular 

level, IGF2 regulates the formation of dendritic spines (33) and synapses (68), in addition to control 

adult neurogenesis in the hippocampus (72). At the dentate gyrus, the autocrine action of IGF2 may 

explain the proliferative effects on neural stem cells (72). Importantly, the effects of IGF2 in learning, 

memory and neurogenesis have been mapped to the stimulation of IGF2R. Our current study proposes 

that IGF2 has a relevant role in controlling cellular proteostasis by fine-tuning the load of abnormal 

protein aggregates through a novel mechanism involving the extracellular release of abnormal protein 

aggregates into extracellular vesicles (Figure 8, E).  

Our results suggest that the upregulation of IGF2 in animals with perturbed UPR may serve as a 

backup mechanism to sustain neuronal function when the adaptive capacity of the proteostasis network 

is severely compromised. We are currently investigating the mechanisms explaining the upregulation 

of IGF2 in XBP1 deficient brains. IGF2 expression is controlled by four different promoters and the 

presence of several mRNA binding proteins (73), in addition to the regulation by genomic imprinting  

according to a parental origin (63, 74, 75). IGF2 is also modulated in various pathological context 

including brain injury (76), schizophrenia (77), Alzheimer ś disease (33, 78), in addition to normal 

aging (33, 79). Recent studies also indicated that the administration of IGF2 through gene therapy or 

the infusion of recombinant proteins into the brain ameliorates AD pathogenesis, reducing synaptic 

dysfunction (33, 34). Similarly, treatment of SOD1 transgenic mice with AAVs encoding for IGF2 

delayed disease progression, improving motoneuron survival (35). These findings are consistent with 

the prosurvival role of IGF2  in motoneurons (80), in addition to its ability to induce axonal sprouting 

(81, 82). All these reports highlight the neuroprotective potential of IGF2 in various diseases affecting 

the nervous system. Based on the data available in AD models (33, 34), we speculate that IGF2 

administration will also enhance the extracellular clearance of mHtt by glial cells or extracellular 

proteases. In fact, recent studies suggested that mHtt is cleared faster in astrocytes than neurons (83). 

In addition, microglia has been shown to express IGF2R and IGF1R (84), suggesting that IGF2 may 
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impact other cell types affected in HD. 

IGF2 levels were dramatically downregulated in human brain tissue derived from HD patients. 

We speculate that the delivery of IGF2 into the brain using gene therapy may serve as a strategy to 

restore normal levels of IGF2. In contrast to our results, increased plasmatic levels of IGF1 in HD 

patients predict a worst prognosis, involving a faster and stronger cognitive decline (85, 86). These 

effects were not observed when insulin levels were monitored in longitudinal studies (85). Analysis of 

YAC128 mice also revealed an increase in IGF1 expression in the brain and blood of symptomatic 

animals (87, 88). Taken together, our findings suggest that the downregulation of IGF2 during the 

progression of HD may enhance or accelerate the accumulation of abnormal HD species.  

Overall, our study places IGF2 as an interesting disease modifier agent. Since IGF2 is a soluble 

factor, the development of gene transfer strategies to augment IGF2 levels in the brain may emerge as 

an attractive approach for future therapeutic development. Based on the available literature and our 

current study we speculate that IGF2 administration to HD patients may have important beneficial 

consequences beyond proteostasis control and mHtt aggregation, including multiple points of action 

such as improvement of neuronal connectivity and synaptic plasticity, in addition to enhance axonal 

regeneration, cell survival, neurogenesis/tissue repair and improvement in motor control.  

 

Materials and methods 

Animal care 

XBP1flox/flox mice were crossed with mice expressing Cre recombinase under the control of the Nestin 

promoter to achieve the conditional deletion of XBP1 in the nervous system (30) (XBP1cKO). We employed 

as HD model the full-length mHtt transgenic mice with 128 CAG repetitions termed YAC128 (31) obtained 

from The Jackson Laboratory. To generate experimental animals, XBP1cKO mice were crossed with the 

YAC128 model on a FVB background and every generation breed to pure background XBP1cKO mice for 

four to six generations to obtain experimental animals. For proper comparison, all biochemical and 

behavioral analysis were performed on groups of littermates of the same breeding generation. Unless 

indicated, wild-type, YAC128 and littermate control animals were used and maintained on a pure C57BL/6J 

background. Mice were maintained in a quiet, ventilated, and temperature-controlled room (23 ºC), with a 

standard 12 h light cycle, and monitored daily. Mice were housed in polystyrene solid bottom plastic cages 

fitted with a filtertop. Mice were fed with LabDiet pellets and drinking water ad libitum. For euthanasia, 

mice received CO2 narcosis. Animal care and experimental protocols were performed according to 

procedures approved by the “Guide for the Care and Use of Laboratory Animals” (Commission on Life 

Sciences. National Research Council. National Academy Press 1996), the Institutional Review Board’s 

Animal Care and Use Committee of the Harvard School of Public Health, the Bioethical Committee of the 
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Faculty of Medicine, University of Chile (CBA 0670 FMUCH) and the Bioethical Committee of the Center 

for Integrative Biology, Universidad Mayor (07-2017). 

 

Microarray 

Animals were euthanized at 12-14 months of age and perfused with heparinized saline. Brains were 

removed and placed in RNAlater. Brain cortex and striatum were dissected and mouse whole-genome 

profiling was performed using the Illumina BeadChip® platform (Illumina; San Diego, CA). According 

to the manufacturer, probes on the Illumina MouseWG-6 v2.0 Expression BeadChip were derived from 

the National Center for Biotechnology Information Reference Sequence (NCBI RefSeq) database 

(Build 36, release 22), supplemented with probes derived from the Mouse Exonic Evidence Based 

Oligonucleotide (MEEBO) set, as well as exemplar protein-coding sequences described in the RIKEN 

FANTOM2 database. The MouseWG-6 v2.0 BeadChip contains the full set of the MouseRef-8 

Expression BeadChip probes with an additional 11,603 probes from the above databases. Raw data was 

quantile normalized and differentially expressed genes identified using the ArrayAnalysis software (89). 

Genes that were significantly up or down regulated were identified using Significance Analysis of 

Microarrays (SAM) (90). SAM assigns a score to each gene based on a change in gene expression 

relative to the standard deviation of repeated measurements. For genes with scores greater than an 

adjustable threshold, SAM uses permutations of the repeated measurements to estimate the percentage 

of genes identified by chance — the false discovery rate (FDR). Analysis parameters were set to 800 

permutations, and genes with q-value =0% were used for genomics analysis.  

To identify functional connections between deregulated transcripts, both network and pathway 

analyses of the genes filtered by microarray were performed using Ingenuity Pathways Analysis (IPA; 

QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). 

The  significance of networks was calculated by integrated Ingenuity algorithms. IPA calculates a p -

value based on the right-tailed Fisher's exact test for each canonical pathway, which is a measure of the 

likelihood that the association between a subset of genes from the whole experimental data set and a related 

function/pathway is due to random association. Relevant pathways with p-values less than 0.05 were taken 

into account. In addition, IPA compares the direction of change for the differentially expressed genes with 

expectations based on the literature (cured in the Ingenuity Knowledge Base) to predict an integrated 

direction of change for each function, using the z-score algorithm. For heatmap representation of 

deregulated transcripts the software HeatmapGenerator was used (91). 

 

RNA isolation, RT-PCR and real-time PCR 

Total RNA was prepared from tissues or cells placed in cold PBS using Trizol following the 

manufacturer’s instructions (Life Technologies). The cDNA was synthesized with SuperScript III reverse 

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis).%20The
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis).%20The
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transcriptase (Life Technologies) using random primers p(dN)6 (Roche). Quantitative PCR reactions were 

performed using standard protocols using EvaGreenTM in the Stratagene Mx3000P system (Agilent 

Technologies). The relative amounts of mRNAs were calculated from the values of comparative threshold 

cycle by using Actin as a control. PCR or RT-PCR were performed using the following primers: For mouse: 

Igf2 5’- GTCGCATGCTTGCCAAAGAG-3’ and 5’-GGTGGTAACACGATCAGGGG-3’, mouse Actin 5’- 

TACCACCATGTACCCAGGCA-3’ and 5’- CTCAGGAGGAG AATGATCTTGAT-3’, Igf1 5’- 

AAAGCAGCCCCGCTCTATCC-3’ and 5’- CTTCTGAGTCTTGGGCATGT A-3’, Acot1 5’- 

TGCAAAGCCCTCTGGTAGAC-3’ and 5’- CTCGCTCTTCCAGTTGTGGT-3’, insulin receptor 5’- 

TCAAGACCAGA CCGAAGATT-3’ and 5’- TCTCGAAGATAACCAGGGCATAG-3’, Igf1r 5’- 

CATGTGCTGGCAGTATAACCC-3’ and 5’- TCG GGA GGC TTG TTC TCC T-3’. For human IGF2 5’- 

GTGCTGTTTCCGCAGCTG-3’ and 5’- AGGGGTCGACACGTCCCTC-3’, Actin 5’- 

GCGAGAAGATGACCCAGATC-3’ and 5’- CCAGTGGTACGGCCAGAGG-3’, HA 5’- 

TAGACGTAATCTGGAACATCG-3’. 

 

Reagents, plasmids and transfection 

Lactacystin, MG-132, chloroquine, 3-methyladenine, bafilomycin A1, brefeldin A and recombinant 

insulin were purchased from Sigma. NSC23766 was purchased from Santa Cruz. GW4869 was purchased 

from Cayman Chemicals. Phalloidin was purchased from Molecular Probes, Invitrogen. Blocking antibody 

for IGF2R was from purchased from Santa Cruz (sc-25462). Cell media and antibiotics were obtained from 

Invitrogen (MD, USA). Fetal calf serum was obtained from Hyclone and Sigma. All transfections for 

plasmids were performed using the Effectene reagent (Qiagen). DNA was purified with Qiagen kits. 

PolyQ79-EGFP is a 79 polyglutamine tract in-frame fused to EGFP in the N-terminal; mHttQ85-

EGFP contains the first 171 amino acids of the first exon of the huntingtin gene with a tract of 85 

glutamines fused to GFP in the N-terminal, was kindly provided by Dr. Paulson Henry (University of 

Michigan). pAAV-mHttQ85-mRFP contains the first 588 aminoacids of the huntingtin gene with a tract of 

85 glutamines, fused to mRFP (51). IGF2 cDNA was obtained from pSPORT6 kindly provided by Dr. 

Oliver Bracko and subcloned with or without the HA epitope into a pAAV vector. SOD1G85R-EGFP was 

described before (92). siRNA pool for IGFR1 and InsR were purchased from Origene and transfections 

were made with Lipofectamine® RNAiMAX transfection Reagent from Invitrogene. 

 

Microscopy, western blot and filter trap analysis 

Neuro2a and HEK293T cells were obtained from ATCC and maintained in Dulbecco’s modified 

Eagles medium supplemented with 5% fetal bovine serum. 3 x 105 cells were seeded in 6-well plate and 

maintained by indicated times in DMEM cell culture media supplemented with 5% bovine fetal serum and 

non-essential amino acids. Treatment with autophagy, proteasome or exocytosis inhibitors was generally 
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performed for 16 h unless indicated. 

We visualized the formation of intracellular polyQ79-EGFP, GFP-mHttQ85 and Htt588Q95-RFP 

inclusions in live cells after transient transfection using epifluorescent microscopy. We quantified the 

intracellular inclusion using automatized macros done in Image J software. Protein aggregation was 

evaluated by western blot in total cell extracts prepared in 1% Triton X-100 in PBS containing proteases 

and phosphatases inhibitors (Roche). Sample quantification was performed with the Pierce BCA Protein 

Assay Kit (Thermo Scientific).  

For western blot analysis, cells were collected and homogenized in RIPA buffer (20 mM Tris pH 8.0, 

150 mM NaCl, 0.1% SDS, 0.5% Triton X-100) containing protease and phosphatase inhibitors (Roche). 

After sonication, protein concentration was determined in all experiments by micro-BCA assay (Pierce), 

and 25-100 µg of total protein was loaded onto 8 to 15 % SDS-PAGE minigels (Bio-Rad Laboratories, 

Hercules, CA) prior transfer onto PVDF membranes. Membranes were blocked using PBS, 0.1% Tween-

20 (PBST) containing 5% milk for 60 min at room temperature and then probed overnight with primary 

antibodies in PBS, 0.02% Tween-20 (PBST) containing 5% skimmed milk. The following primary 

antibodies and dilutions were used: anti-GFP 1:1000 (Santa Cruz, Cat. nº SC-9996), anti-SOD1 (Cell 

signaling, Cat. nº 2770), anti-polyQ 1:1000 (Sigma, Cat. nº P1874), anti-HSP90 1:2000 (Santa Cruz, Cat. 

nº SC-13119), anti-GAPDH 1:2000 (Santa Cruz, Cat. nº SC-365062), anti-HA 1:500 (Santa Cruz, Cat. 

nºSC-805), anti-IGF2 1:1000 (Abcam, Cat. nº Ab9574), anti-LC3 1:1000 (Cell Signaling, Cat. nº 2775S), 

anti-p62 1:1000 (Abcam, Cat. nº Ab56416), anti-polyUbiquitin 1:5000 (Santa Cruz, Cat. nº SC-8017), anti-

DARPP32 1:1000 (Millipore, Cat. nº ab10518), anti-tubulin 1:2000 (Oncogene, Cat. nº CP06), Rac1 clone 

23A8 1:1000 (Millipore, Cat. nº 05-389) for cofilin and p-cofilin we used homemade antibody at a 1:1000 

dilution (Dr. James Bamburg). Bound antibodies were detected with peroxidase-coupled secondary 

antibodies incubated for 2 h at room temperature and the ECL system.  

For filter trap assays, protein extracts were diluted into a final concentration of SDS 1% and were 

subjected to vacuum filtration through a 96-well dot blot apparatus (Bio-Rad Laboratories, Hercules, USA) 

containing a 0.2 μM cellulose acetate membrane (Whatman, GE Healthcare) as described in Torres et al., 

2015. Membranes were then blocked using PBS, 0.1% Tween-20 (PBST) containing 5% milk and incubated 

with primary antibody at 4 °C overnight. Image quantification was done with the Image Lab software from 

BioRad. 

 

Pulse-chase experiments 

HEK293T cells were seeded in 6 well plates and transiently transfected using polyethylenimine (PEI) 

with GFP-HttQ43 pcDNA-GFP-HttQ43 and mRFP/IGF2 constructs (in a ratio of 1:9). For pulse labeling 

of cells (35S incorporation), after 24 h of transfection cells were washed twice with pre-warmed pulse 

labelling medium (methionine and cysteine free DMEM (Gibco) containing 10% dialyzed FBS (Thermo 
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Scientific), Glutamax (Life technologies) and Penicillin/ Streptomycin (Gibco) and kept for 45 min in pre-

warmed pulse labelling medium to deplete the intracellular pool of cysteine and methionine.  0.1 mCi/mL 

35S (EasyTag™ EXPRESS35S Protein Labeling Mix) were added in pre-warmed pulse labelling medium 

and pulsed for different time periods. Before harvesting the cells, the radioactive solution was removed and 

cells were washed twice with 1 mL PBS containing 15 M cycloheximide. Cells were scraped, in 250 μL 

immunoprecipitation lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% NP-40, 0.5 mM MgCl2, 

3% glycerol, 0.9 mM DTT and protease inhibitor cocktail (complete Sigma-Aldrich) and lysed by repetitive 

passage (8 times) through a syringe with 26-gauge needle (0.45 mm). Samples were centrifuged (20.000 g) 

and the supernatant was collected. 50 μL cell lysate was kept for input. 800 μL TNE buffer (50 mM Tris-

HCl pH 8, 150 mM NaCl, 1 mM EDTA) was added to rest of the sample and the GFP-HttQ43 was 

immunoprecipitated using GFP-trap (Chormotek, gtma-100). GFP-trap beads were added to each sample 

and incubated overnight at 4ºC. Beads were collected on a magnetic rack and washed twice in 

immunoprecipitation wash buffer (0.2% NP40, 0.2% SDS, protease inhibitors), and twice in high salt buffer 

(TNE with 500 mM NaCl). Beads were boiled in sample buffer (4% SDS, 10% 2-mercaptoethanol, 20% 

glycerol, 0.004% bromophenol blue and 0.125 M tris HCl) and analyzed using SDS page and western 

blotting or autoradiography. To determine half-life, 0.1 mCi 35S was added to each well and incubated for 

90 min. After washing chase medium (DMEM containing 10% FCS, Glutamax, P/S, 1 mg/mL methionine 

and 1 mg/mL cysteine (Gibco)) was added to cells and incubated for different time points. Sample 

preparations and immunoprecipitation of GFP-HttQ43 was performed as described for the pulse labelling 

experiments.  

 

mHtt secretion and dot blot detection 

PolyQ79-EGFP secretion was analyzed as described before. In brief, to collect secreted proteins, 

Neuro2a cells were transiently transfected for a total period of 32 h, incubated in Optimem for the last 24 

h. Cell culture media was collected and centrifuged for 5 min at 5000 r.p.m. to eliminate cell debris, and 

then applied to a 96-well dot blot apparatus (Bio-Rad Laboratories, Hercules, USA) on a PVDF membrane. 

Membranes were then blocked and proteins were detected following the western blot protocol. 

 

Vesicle isolation and nanoparticle tracking analysis 

Extracellular vesicles were isolated from cell culture medium. Briefly, Neuro2a cells were cultured for 

24 h in Optimem. Collected medium was then depleted of cells and cellular debris at 2000 x g for 10 minutes. 

Extracellular vesicles were isolated by centrifugation of the collected supernatant at 110,000 x g at 4 °C for 

70 min. The resultant pellet was resuspended in PBS. Vesicles were analyzed for size using nanoparticle 

tracking analysis (NanoSight, NS300/ZetaSizer instrument). Exosomes were isolated from cell culture 

medium using neuro2a. Cell culture media was then depleted of cells and cellular debris at 2000 x g for 10 
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minutes. Microvesicles were pelleted by centrifugation of the collected supernatant at 11,000 x  g at 4 °C 

for 34 min. Exosomes were isolated from the collected supernatant by centrifugation at 110,000 x g at 4ºC 

for 70 min. The resultant pellet was then washed in PBS and centrifuged again for 70 min at 100,000 x g at 

4 °C. The resultant pellet was resuspended in PBS.  

 

Quantitative proteomics 

Neuro2a cells in 6-well plates were transiently transfected with IGF2 or empty expression vectors for 

24 h. Lysates were prepared in RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% Triton X-100, 0.5% 

sodium deoxycholate, and 0.1% SDS) containing proteases and phosphatases inhibitors cocktail (Roche).  

After extracts sonication, protein concentration was determined by BCA (Thermo Fisher). For each sample, 

20 μg of lysate was washed by chloroform/methanol precipitation. Samples for mass spectrometry analysis 

were prepared as described (43). Air-dried pellets were resuspended in 1% RapiGest SF (Waters) and 

brought up in 100 mM HEPES (pH 8.0). Proteins were reduced with 5 mM Tris(2-carboxyethyl)phosphine 

hydrochloride (Thermo Fisher) for 30 min and alkylated with 10 mM iodoacetamide (Sigma Aldrich) for 

30 min at ambient temperature and protected from light. Proteins were digested for 18 hr at 37°C with 0.5 μg 

trypsin (Promega). After digestion, the peptides from each sample were reacted for 1 hr with the appropriate 

TMT-NHS isobaric reagent (Thermo Fisher) in 40% (v/v) anhydrous acetonitrile and quenched with 0.4% 

ammonium bicarbonate for 1 hr. Samples with different TMT labels were pooled and acidified with 5% 

formic acid. Acetonitrile was evaporated on a SpeedVac and debris was removed by centrifugation for 

30 min at 18,000 x g. MuDPIT microcolumns were prepared as described (94). LCMS/MS analysis was 

performed using a Q Exactive mass spectrometer equipped with an EASY nLC 1000 (Thermo Fisher). 

MuDPIT experiments were performed by 5 min sequential injections of 0, 10, 20, 30, …, 100% buffer C 

(500 mM ammonium acetate in buffer A) and a final step of 90% buffer C / 10% buffer B (20% water, 80% 

acetonitrile, 0.1% formic acid, v/v/v) and each step followed by a gradient from buffer A (95% water, 5% 

acetonitrile, 0.1% formic acid) to buffer B. Electrospray was performed directly from the analytical column 

by applying a voltage of 2.5 kV with an inlet capillary temperature of 275°C. Data-dependent acquisition 

of MS/MS spectra was performed with the following settings: eluted peptides were scanned from 400 to 

1800 m/z with a resolution of 30000 and the mass spectrometer in a data dependent acquisition mode. The 

top ten peaks for each full scan were fragmented by HCD using a normalized collision energy of 30%, a 

100 ms activation time, a resolution of 7500, and scanned from 100 to 1800 m/z. Dynamic exclusion 

parameters were 1 repeat count, 30 ms repeat duration, 500 exclusion list size, 120 s exclusion duration, 

and exclusion width between 0.51 and 1.51. Peptide identification and protein quantification was performed 

using the Integrated Proteomics Pipeline Suite (IP2, Integrated Proteomics Applications, Inc., San Diego, 

CA) as described previously (43). 
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Rac1 pull-down assay and actin dynamics 

Neuro2a cells were cultured for 2 d in 100-mm-diameter plastic plates (10 7 cells/plate) and then 

stimulated with IGF2 conditioned medium for 5 min at 37°C and 5% CO2. For Rac1 activation assays the 

expression and purification of the CRIB domain (amino acids 67–150) of p21-activated kinase (Pak1) were 

performed as follows: BL21 (DE3) E. coli strains carrying pGEX-GST-CRIB were grown overnight at 37°C 

in Luria broth media containing ampicillin. Cultures were diluted 1:100 and grown in fresh medium at 37°C 

to an OD600 of 0.7. Next, IPTG was added to a final concentration of 1 mM, the cultures were grown for an 

additional 2 h and then samples were collected and sonicated in lysis buffer A (50 mM Tris-HCl, pH 8.0; 

1% Triton X-100; 1 mM EDTA; 150 mM NaCl; 25 mM NaF; 0.5 mM PMSF and protease inhibitor complex 

(Roche)). Cleared lysates were affinity purified with glutathione-Sepharose beads (Amersham). Loaded 

beads were washed ten times with lysis buffer B (lysis buffer A with 300 mM NaCl) at 4°C. GST fusion 

protein was quantified and visualized in SDS-polyacrylamide gels stained with Coomassie brilliant blue. 

Purified loaded beads were incubated for 70 min at 4°C with 1 mg of either Neuro2a lysates using fishing 

buffer (50 mM Tris-HCl, pH 7.5; 10% glycerol; 1% Triton X-100; 200 mM NaCl; 10 mM MgCl2; 25 mM 

NaF and protease inhibitor complex). The beads were washed three times with washing buffer (50 mM 

Tris-HCl, pH 7.5; 30 mM MgCl2; 40 mM NaCl) and then re-suspended in SDS-PAGE sample buffer. Bound 

Rac1-GTP was subjected to western blot analysis.   

To measure actin dynamics, Neuro2a cells were seeded onto fibronectin-coated 25-mm coverslips, 

transfected with EGFP-Lifeact using Lipofectamine® 2000 Transfection Reagent and imaged in HBSS 

medium supplemented with HEPES using a confocal microscope (Zeiss LSM 710) with a 63/1.4 NA oil-

immersion objective at 37°C. Images were acquired every 30 s for 5 min, and the number of cells showing 

actin clusters were quantified. For phalloidin staining we used Phalloidin tetramethylrodamyne (Sigma) 

following the manufacturer’s instructions. 

 

Adeno-associated viral vector injections 

All AAV (serotype 2) vectors were produced by triple transfection of HEK293T cells using a rep/cap 

plasmid and pHelper (Stratagene, La Jolla CA, USA), and purified by column affinity chromatography as 

previously described (95). For stereotactic injections, mice were anesthetized using a 100 mg/kg Ketamine, 

10 mg/kg Xylazine mixture (Vetcom), and affixed to a mouse stereotaxic frame (David Kopf Instruments). 

Wild-type C57BL/6J male mice (3 months-old) were co-injected in the right striatum with 4 µl of virus 

AAV-Htt588Q95-mRFP and AAV-IGF2 or AAV-control in a relation 3:2 as we described before (51). The 

injection of AAVs suspension was performed at two points of the striatal region using a 5 µl Hamilton 

syringe (Hamilton) using the following coordinates: +0.7 mm anterior, +1.7 mm lateral and -3 to 3.2 mm 

depth, with a 1 µl/min infusion rate. After 2 weeks, mice were euthanized for biochemistry analysis. 

YAC128 mice (3 months-old) were injected bilaterally in a single point in the striatum with 2 µl of AAV-
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IGF2 or AAV-control. Stereotaxic coordinates with respect to the bregma used were: +0.7 mm anterior, 

+1.7 mm lateral and -3.1 mm depth, with a 1 µl/min infusion rate. After 1 month mice were euthanized for 

biochemistry analysis. For perinatal injections, neonatal P1-P2 pups were crioanesthetized before the 

intraventricular injection of 2 µl of AAV-IGF2 or AAV-control following methods previously described 

(96). After 3 months, mice were euthanized for biochemistry analysis. 

 

Rotarod test 

Disease progression was monitored once every two weeks, using the rotarod assay as previously 

reported (97). In brief, a training period was performed consisting of a first day of conditioning in the 

rotarod, following by three trials per day (with 2 h in between trials) over the course of 4 consecutive days. 

The data collected were considered an accurate reflection of the animal's coordination. For each testing, 

mice were acclimated to the room for ∼15 min. The rotarod protocol consisted in (i) maximum speed, 40 

r.p.m.; (ii) time to reach maximum r.p.m., 120 s; (iii) time to ‘no fall’, 600 s; (iv) starting speed, 4 r.p.m.; 

(v) trials per day, 3. 

 

Tissue preparation and analysis 

For biochemistry of striatum, mice were euthanized by CO2 narcosis, and brains were rapidly removed, 

rinsed with ice-cold 0.1 M phosphate buffer saline pH 7.4 (PBS), and placed on a cold surface to dissect 

different brain areas. Tissue samples were homogenized in 100 µl of ice-cold PBS (pH 7.4), supplemented 

with proteases and phosphateses inhibitor cocktail (Roche). The homogenate was divided for further mRNA 

and protein extraction following standard purification and quantification protocols. Protein extraction was 

performed in RIPA buffer (20 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, and 0.5% 

Triton X-100) containing proteases and phosphatases inhibitor cocktail (Roche).  

 

Human samples 

A total of 26 brain samples from the NIH NeuroBioBank were included in the study. Samples were 

obtained from 13 patients with clinical diagnosis of HD (grade 3 and 4 according to the neuronal loss 

observed) and 13 contemporaries controls. Patients with HD met criteria proposed by the neuropathologist 

responsible in the Harvard Brain Tissue Resource Center (98–100). Sampling was done according to the 

ethics committee form by the advisory board of the director of the local health service and the San Jose 

Hospital, University of Chile. Samples of human adult peripheral blood (18 ml) were collected using BD 

vacutainer heparin tubes and processed in ≤4 hours after extraction. Plasma and PBMC were obtained by 

Ficoll gradient. Patients were recruited in the Enroll-HD project at Center for Movement Problems 

(CETRAM) in Santiago, Chile (https://www.enroll-hd.org). Enroll-HD is a worldwide observational 

study for Huntington’s disease families. It will monitor how the disease appears and changes over time in 

https://www.enroll-hd.org)/
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different people, and is open to people who either have HD or are at-risk. This platform collects 

standardized data, in the same way and using the same methods around the world. This project develops a 

comprehensive database of patients followed by a team of neurologists. Total, circulating IGF2 levels were 

measured in plasma from 49 individuals, using a ELISA IGF2 kit (CrystalChem, Cat. n80575).  

 

Statistical analysis 

Results were statistically compared using the Student’s t test was performed for unpaired or paired 

groups. A p value of < 0.05 was considered significant (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

 

Supplementary Materials 

Supporting information 1, XBP1 deficiency does not alter Igf1 mRNA levels. 

Supporting information 2, IGF2 expression reduces polyQ79 aggregation. 

Supporting information 3, IGF2 does not inhibit global protein synthesis or degradation. 

Supporting information 4, Neither proteasome nor autophagy are involved in the reduction of polyQ levels 

after IGF2 expression. 

Supporting information 5, Controls for exosome purification 

Supporting information 6, Gene therapy to deliver IGF2 into the brain. 

Table S1. List of proteins modified by IGF2 expression. 

Table S2. Human post mortem brain samples. 

Table S3. Blood samples from HD chilean patients and healthy controls. 

  



IGF2 protects against HD through the extracellular disposal of protein aggregates 

124 
 

References 

1.      G. P. Bates, R. Dorsey, J. F. Gusella, M. R. Hayden, C. Kay, B. R. Leavitt, M. Nance, C. A. Ross, 

R. I. Scahill, R. Wetzel, E. J. Wild, S. J. Tabrizi, Huntington disease., Nat. Rev. Dis. Prim. 1, 15005 

(2015). 

2.      H. Telenius, H. P. Kremer, J. Theilmann, S. E. Andrew, E. Almqvist, M. Anvret, C. Greenberg, J. 

Greenberg, G. Lucotte, F. Squitieri, Molecular analysis of juvenile Huntington disease: the major 

influence on (CAG)n repeat length is the sex of the affected parent., Hum. Mol. Genet. 2, 1535–

40 (1993). 

3.     M. Duyao, C. Ambrose, R. Myers, A. Novelletto, F. Persichetti, M. Frontali, S. Folstein, C. Ross, 

M. Franz, M. Abbott, Trinucleotide repeat length instability and age of onset in Huntington’s 

disease., Nat. Genet. 4, 387–92 (1993). 

4.     C. Zuccato, M. Valenza, E. Cattaneo, Molecular mechanisms and potential therapeutical targets in 

Huntington’s disease., Physiol. Rev. 90, 905–81 (2010). 

5.     N. Di Prospero, K. H. Fischbeck, Therapeutics development for triplet repeat expansion diseases., 

Nat. Rev. Genet. 6, 756–65 (2005). 

6.      C. Unfolding the role of protein misfolding in neurodegenerative diseases., Nat. Rev. Neurosci. 4, 

49–60 (2003). 

7.      L. Bertram, R. E. Tanzi, The genetic epidemiology of neurodegenerative disease., J. Clin. Invest. 

115, 1449–57 (2005). 

8.      D. Jarosz, V. Khurana, Specification of Physiologic and Disease States by Distinct Proteins and 

Protein Conformations., Cell 171, 1001–1014 (2017). 

9.      C. L. Klaips, G. G. Jayaraj, F. U. Hartl, Pathways of cellular proteostasis in aging and disease., J. 

Cell Biol. (2017), doi:10.1083/jcb.201709072. 

10.     S. Kaushik, A. M. Cuervo, Proteostasis and aging, Nat. Med. 21, 1406–1415 (2015). 

11.     G. Martínez, C. Duran-Aniotz, F. Cabral-Miranda, J. P. Vivar, C. Hetz, Endoplasmic reticulum 

proteostasis impairment in aging, Aging Cell 16, 615–623 (2017). 

12.     W. E. Balch, R. I. Morimoto, A. Dillin, J. W. Kelly, Adapting proteostasis for disease intervention., 

Science 319, 916–919 (2008). 

13.     C. Hetz, S. Saxena, ER stress and the unfolded protein response in neurodegeneration., Nat. Rev. 

Neurol. 13, 477–491 (2017). 

14.    H. L. Smith, G. R. Mallucci, The unfolded protein response: mechanisms and therapy of 

neurodegeneration., Brain (2016), doi:10.1093/brain/aww101. 

15.     W. Scheper, J. J. M. Hoozemans, The unfolded protein response in neurodegenerative diseases: a 

neuropathological perspective., Acta Neuropathol. 130, 315–31 (2015). 

16.     C. Hetz, E. Chevet, S. A. Oakes, Proteostasis control by the unfolded protein response, Nat. Cell 



Chapter 5 

 

125 
 

Biol. 17, 829–838 (2015). 

17.     P. Walter, D. Ron, The unfolded protein response: from stress pathway to homeostatic regulation, 

Science (80-. ). 334, 1081–1086 (2011). 

18.    Y. Jiang, S. R. Chadwick, P. Lajoie, Endoplasmic reticulum stress: The cause and solution to 

Huntington’s disease?, Brain Res. 1648, 650–657 (2016). 

19.     R. K. R. Kalathur, J. Giner-Lamia, S. Machado, T. Barata, K. R. S. Ayasolla, M. E. Futschik, The 

unfolded protein response and its potential role in Huntington’s disease elucidated by a systems 

biology approach, F1000Research 4, 103 (2016). 

20.     C. Hetz, F. Papa, The Unfolded Protein Response and Cell Fate Control, Mol. Cell 69, 169–181 

(2018). 

21.     A. H. Lee, N. N. Iwakoshi, L. H. Glimcher, XBP-1 regulates a subset of endoplasmic reticulum 

resident chaperone genes in the unfolded protein response, Mol Cell Biol 23, 7448–7459 (2003). 

22.     D. Acosta-Alvear, Y. Zhou, A. Blais, M. Tsikitis, N. H. Lents, C. Arias, C. J. Lennon, Y. Kluger, 

B. D. Dynlacht, XBP1 controls diverse cell type- and condition-specific transcriptional regulatory 

networks., Mol. Cell 27, 53–66 (2007). 

23.     R. C. Taylor, A. Dillin, XBP-1 is a cell-nonautonomous regulator of stress resistance and longevity, 

Cell 153, 1435–1447 (2013). 

24.    S. Henis-Korenblit, P. Zhang, M. Hansen, M. McCormick, S. J. Lee, M. Cary, C. Kenyon, 

Insulin/IGF-1 signaling mutants reprogram ER stress response regulators to promote longevity, 

Proc Natl Acad Sci U S A 107, 9730–9735 (2010). 

25.     R. L. Vidal, A. Figueroa, F. A. Court, P. Thielen, C. Molina, C. Wirth, B. Caballero, R. Kiffin, J. 

Segura-Aguilar, A. M. Cuervo, L. H. Glimcher, C. Hetz, Targeting the UPR transcription factor 

XBP1 protects against Huntington’s disease through the regulation of FoxO1 and autophagy, Hum 

Mol Genet 21, 2245–2262 (2012). 

26.     C. Hetz, P. Thielen, S. Matus, M. Nassif, F. Court, R. Kiffin, G. Martinez, A. M. Cuervo, R. H. 

Brown, L. H. Glimcher, XBP-1 deficiency in the nervous system protects against amyotrophic 

lateral sclerosis by increasing autophagy., Genes Dev. 23, 2294–306 (2009). 

27.     P. Valdés, G. Mercado, R. L. Vidal, C. Molina, G. Parsons, F. a Court, A. Martinez, D. Galleguillos, 

D. Armentano, B. L. Schneider, C. Hetz, Control of dopaminergic neuron survival by the unfolded 

protein response transcription factor XBP1., Proc. Natl. Acad. Sci. U. S. A. 111, 6804–9 (2014). 

28.     C. Duran-Aniotz, V. H. Cornejo, S. Espinoza, Á. O. Ardiles, D. B. Medinas, C. Salazar, A. Foley, 

I. Gajardo, P. Thielen, T. Iwawaki, W. Scheper, C. Soto, A. G. Palacios, J. J. M. Hoozemans, C. 

Hetz, IRE1 signaling exacerbates Alzheimer’s disease pathogenesis., Acta Neuropathol. 134, 489–

506 (2017). 

29.     M. Safra, S. Ben-Hamo, C. Kenyon, S. Henis-Korenblit, The ire-1 ER stress-response pathway is 



IGF2 protects against HD through the extracellular disposal of protein aggregates 

126 
 

required for normal secretory-protein metabolism in C. elegans., J. Cell Sci. 126, 4136–46 (2013). 

30.     C. Hetz, A. Lee, D. Gonzalez-Romero, P. Thielen, J. Castilla, C. Soto, L. H. Glimcher, Unfolded 

protein response transcription factor XBP-1 does not influence prion replication or pathogenesis, 

Proc Natl Acad Sci U S A 105, 757–762 (2008). 

31.     E. Slow, J. van Raamsdonk, D. Rogers, S. H. Coleman, R. K. Graham, Y. Deng, R. Oh, N. Bissada, 

S. M. Hossain, Y.-Z. Yang, X.-J. Li, E. M. Simpson, C.-A. Gutekunst, B. R. Leavitt, M. R. Hayden, 

Selective striatal neuronal loss in a YAC128 mouse model of Huntington disease., Hum. Mol. 

Genet. 12, 1555–67 (2003). 

32.     A. M. Fernandez, I. Torres-Alemán, I. Torres-Aleman, The many faces of insulin-like peptide 

signalling in the brain, Nat Rev Neurosci 13, 225–239 (2012). 

33.     M. Pascual-Lucas, S. Viana da Silva, M. Di Scala, C. Garcia-Barroso, G. González-Aseguinolaza, 

C. Mulle, C. M. Alberini, M. Cuadrado-Tejedor, A. Garcia-Osta, Insulin-like growth factor 2 

reverses memory and synaptic deficits in APP transgenic mice., EMBO Mol. Med. 6, 1246–1263 

(2014). 

34.    T. J. Mellott, S. M. Pender, R. M. Burke, E. A. Langley, J. K. Blusztajn, IGF2 Ameliorates 

Amyloidosis, Increases Cholinergic Marker Expression and Raises BMP9 and Neurotrophin 

Levels in the Hippocampus of the APPswePS1dE9 Alzheimer’s Disease Model Mice, PLoS One 

9, e94287 (2014). 

35.     I. Allodi, L. Comley, S. Nichterwitz, M. Nizzardo, C. Simone, J. A. Benitez, M. Cao, S. Corti, E. 

Hedlund, Differential neuronal vulnerability identifies IGF-2 as a protective factor in ALS, Sci. 

Rep. 6, 25960 (2016). 

36.     S. Sarkar, D. C. Rubinsztein, Huntington’s disease: degradation of mutant huntingtin by autophagy, 

FEBS J. 275, 4263–4270 (2008). 

37.     Z. Ortega, J. J. Lucas, Ubiquitinâ€“proteasome system involvement in Huntingtonâ€TMs disease, 

Front. Mol. Neurosci. 7 (2014), doi:10.3389/fnmol.2014.00077. 

38.     N. Mizushima, T. Yoshimori, B. Levine, Methods in Mammalian Autophagy Research, Cell 140, 

313–326 (2010). 

39.    K. Trajkovic, H. Jeong, D. Krainc, Mutant Huntingtin Is Secreted via a Late Endosomal/Lysosomal 

Unconventional Secretory Pathway, J. Neurosci. 37, 9000–9012 (2017). 

40.    E. Pecho-Vrieseling, C. Rieker, S. Fuchs, D. Bleckmann, M. S. Esposito, P. Botta, C. Goldstein, M. 

Bernhard, I. Galimberti, M. Müller, A. Lüthi, S. Arber, T. Bouwmeester, H. van der Putten, F. P. 

Di Giorgio, Transneuronal propagation of mutant huntingtin contributes to non-cell autonomous 

pathology in neurons., Nat. Neurosci. 17, 1064–72 (2014). 

41.     I. Melentijevic, M. L. Toth, M. L. Arnold, R. J. Guasp, G. Harinath, K. C. Nguyen, D. Taub, J. A. 

Parker, C. Neri, C. V. Gabel, D. H. Hall, M. Driscoll, C. elegans neurons jettison protein aggregates 



Chapter 5 

 

127 
 

and mitochondria under neurotoxic stress, Nature 542, 367–371 (2017). 

42.     T. Soares Martins, J. Catita, I. Martins Rosa, O. A. B. da Cruz e Silva, A. G. Henriques, G.-C. Fan, 

Ed. Exosome isolation from distinct biofluids using precipitation and column-based approaches, 

PLoS One 13, e0198820 (2018). 

43.    L. Plate, C. B. Cooley, J. J. Chen, R. J. Paxman, C. M. Gallagher, F. Madoux, J. C. Genereux, W. 

Dobbs, D. Garza, T. P. Spicer, L. Scampavia, S. J. Brown, H. Rosen, E. T. Powers, P. Walter, P. 

Hodder, R. L. Wiseman, J. W. Kelly, Small molecule proteostasis regulators that reprogram the ER 

to reduce extracellular protein aggregation, Elife 5 (2016), doi:10.7554/eLife.15550. 

44.    N. Porat-Shliom, O. Milberg, A. Masedunskas, R. Weigert, Multiple roles for the actin cytoskeleton 

during regulated exocytosis, Cell. Mol. Life Sci. 70, 2099–2121 (2013). 

45.     J. Riedl, A. H. Crevenna, K. Kessenbrock, J. H. Yu, D. Neukirchen, M. Bista, F. Bradke, D. Jenne, 

T. A. Holak, Z. Werb, M. Sixt, R. Wedlich-Soldner, Lifeact: a versatile marker to visualize F-actin., 

Nat. Methods 5, 605–7 (2008). 

46.    A. Ridley, Rho family proteins: coordinating cell responses., Trends Cell Biol. 11, 471–7 (2001). 

47.    S. Etienne-Manneville, A. Hall, Rho GTPases in cell biology., Nature 420, 629–35 (2002). 

48.    D. R. Henríquez, F. J. Bodaleo, C. Montenegro-Venegas, C. González-Billault, The light chain 1 

subunit of the microtubule-associated protein 1B (MAP1B) is responsible for Tiam1 binding and 

Rac1 activation in neuronal cells., PLoS One 7, e53123 (2012). 

49.    A. Watakabe, M. Ohtsuka, M. Kinoshita, M. Takaji, K. Isa, H. Mizukami, K. Ozawa, T. Isa, T. 

Yamamori, Comparative analyses of adeno-associated viral vector serotypes 1, 2, 5, 8 and 9 in 

marmoset, mouse and macaque cerebral cortex, Neurosci. Res. 93, 144–157 (2015). 

50.     G. Murlidharan, R. Samulski, A. Asokan, Biology of adeno-associated viral vectors in the central 

nervous system., Front. Mol. Neurosci. 7, 76 (2014). 

51.    A. Zuleta, R. L. Vidal, D. Armentano, G. Parsons, C. Hetz, AAV-mediated delivery of the 

transcription factor XBP1s into the striatum reduces mutant Huntingtin aggregation in a mouse 

model of Huntington’s disease, Biochem Biophys Res Commun 420, 558–563 (2012). 

52.     M. A. Passini, J. H. Wolfe, Widespread gene delivery and structure-specific patterns of expression 

in the brain after intraventricular injections of neonatal mice with an adeno-associated virus vector., 

J. Virol. 75, 12382–92 (2001). 

53.     E. R. Zanella, F. Galimi, F. Sassi, G. Migliardi, F. Cottino, S. M. Leto, B. Lupo, J. Erriquez, C. 

Isella, P. M. Comoglio, E. Medico, S. Tejpar, E. Budinska, L. Trusolino, A. Bertotti, IGF2 is an 

actionable target that identifies a distinct subpopulation of colorectal cancer patients with marginal 

response to anti-EGFR therapies, Sci. Transl. Med. 7, 272ra12-272ra12 (2015). 

54.     G. S. Huang, J. Brouwer-Visser, M. J. Ramirez, C. H. Kim, T. M. Hebert, J. Lin, H. Arias-Pulido, 

C. R. Qualls, E. R. Prossnitz, G. L. Goldberg, H. O. Smith, S. B. Horwitz, Insulin-like Growth 



IGF2 protects against HD through the extracellular disposal of protein aggregates 

128 
 

Factor 2 Expression Modulates Taxol Resistance and Is a Candidate Biomarker for Reduced 

Disease-Free Survival in Ovarian Cancer, Clin. Cancer Res. 16, 2999–3010 (2010). 

55.     E. Wong, A. M. Cuervo, Autophagy gone awry in neurodegenerative diseases., Nat. Neurosci. 13, 

805–11 (2010). 

56.     C. Hawkes, Single Transmembrane Domain Insulin-Like Growth Factor-II/Mannose-6-Phosphate 

Receptor Regulates Central Cholinergic Function by Activating a G-Protein-Sensitive, Protein 

Kinase C-Dependent Pathway, J. Neurosci. 26, 585–596 (2006). 

57.     R. Li, A. Pourpak, S. W. Morris, Inhibition of the Insulin-like Growth Factor-1 Receptor (IGF1R) 

Tyrosine Kinase as a Novel Cancer Therapy Approach, J. Med. Chem. 52, 4981–5004 (2009). 

58.     D. Bergman, M. Halje, M. Nordin, W. Engström, Insulin-Like Growth Factor 2 in Development 

and Disease: A Mini-Review, Gerontology 59, 240–249 (2013). 

59.     A. M. Fernandez, I. Torres-Aleman, The many faces of insulin-like peptide signalling in the brain, 

Nat Rev Neurosci 13, 225–239 (2012). 

60.     C. Hawkes, S. Kar, The insulin-like growth factor-II/mannose-6-phosphate receptor: structure, 

distribution and function in the central nervous system, Brain Res Brain Res Rev 44, 117–140 

(2004). 

61.     S. M. Kessler, J. Haybaeck, A. K. Kiemer, Insulin-Like Growth Factor 2 - The Oncogene and its 

Accomplices., Curr. Pharm. Des. 22, 5948–5961 (2016). 

62.     S. R. Ferrón, E. J. Radford, A. Domingo-Muelas, I. Kleine, A. Ramme, D. Gray, I. Sandovici, M. 

Constancia, A. Ward, T. R. Menheniott, A. C. Ferguson-Smith, Differential genomic imprinting 

regulates paracrine and autocrine roles of IGF2 in mouse adult neurogenesis, Nat. Commun. 6, 

8265 (2015). 

63.    T. DeChiara, E. J. Robertson,  a Efstratiadis, Parental imprinting of the mouse insulin-like growth 

factor II gene., Cell 64, 849–59 (1991). 

64.     D. D. Pravtcheva, T. L. Wise, Igf2r improves the survival and transmission ratio of Igf2 transgenic 

mice., Mol. Reprod. Dev. 75, 1678–87 (2008). 

65.     T. Wise, D. D. Pravtcheva, Perinatal lethality inH19 enhancers-Igf2 transgenic mice, Mol. Reprod. 

Dev. 48, 194–207 (1997). 

66.     D. Y. Chen, S. A. Stern, A. Garcia-Osta, B. Saunier-Rebori, G. Pollonini, D. Bambah-Mukku, R. 

D. Blitzer, C. M. Alberini, A critical role for IGF-II in memory consolidation and enhancement, 

Nature 469, 491–497 (2011). 

67.     C. Alberini, D. Y. Chen, Memory enhancement: consolidation, reconsolidation and insulin-like 

growth factor 2, Trends Neurosci 35, 274–283 (2012). 

68.     M.  Schmeisser, B. Baumann, S. Johannsen, G. F. Vindedal, V. Jensen, Ø. C. Hvalby, R. Sprengel, 

J. Seither, A. Maqbool, A. Magnutzki, M. Lattke, F. Oswald, T. M. Boeckers, T. Wirth, IκB 



Chapter 5 

 

129 
 

kinase/nuclear factor κB-dependent insulin-like growth factor 2 (Igf2) expression regulates 

synapse formation and spine maturation via Igf2 receptor signaling., J. Neurosci. 32, 5688–703 

(2012). 

69.     R. C. Agis-Balboa, D. Arcos-Diaz, J. Wittnam, N. Govindarajan, K. Blom, S. Burkhardt, U. 

Haladyniak, H. Y. Agbemenyah, A. Zovoilis, G. Salinas-Riester, L. Opitz, F. Sananbenesi, A. 

Fischer, A hippocampal insulin-growth factor 2 pathway regulates the extinction of fear memories, 

EMBO J 30, 4071–4083 (2011). 

70.     A. B. Steinmetz, S. A. Stern, A. S. Kohtz, G. Descalzi, C. M. Alberini, Insulin-like Growth Factor 

II Targets the mTOR Pathway to Reverse Autism-like Phenotypes in Mice, J. Neurosci. , 2010–17 

(2017). 

71.     S. A. Stern, D. Y. Chen, C. M. Alberini, The effect of insulin and insulin-like growth factors on 

hippocampus- and amygdala-dependent long-term memory formation., Learn. Mem. 21, 556–63 

(2014). 

72.     O. Bracko, T. Singer, S. Aigner, M. Knobloch, B. Winner, J. Ray, G. D. Clemenson Jr., H. Suh, S. 

Couillard-Despres, L. Aigner, F. H. Gage, S. Jessberger, Gene expression profiling of neural stem 

cells and their neuronal progeny reveals IGF2 as a regulator of adult hippocampal neurogenesis, J 

Neurosci 32, 3376–3387 (2012). 

73.     W. Engström, Shokrai, K. Otte, M. Granérus,  a Gessbo, P. Bierke,  a Madej, M. Sjölund,  a 

Ward, Transcriptional regulation and biological significance of the insulin like growth factor II 

gene., Cell Prolif. 31, 173–189 (1998). 

74.     R. Feil, J. Walter, N. D. Allen, W. Reik, Developmental control of allelic methylation in the 

imprinted mouse Igf2 and H19 genes., Development 120, 2933–43 (1994). 

75.     M. A. Mikaelsson, M. Constância, C. L. Dent, L. S. Wilkinson, T. Humby, Placental programming 

of anxiety in adulthood revealed by Igf2-null models., Nat. Commun. 4, 2311 (2013). 

76.     H. J. Walter, M. Berry, D. J. Hill, S. Cwyfan-Hughes, J. M. Holly, A. Logan, Distinct sites of 

insulin-like growth factor (IGF)-II expression and localization in lesioned rat brain: possible roles 

of IGF binding proteins (IGFBPs) in the mediation of IGF-II activity., Endocrinology 140, 520–

32 (1999). 

77.     Y. Ouchi, Y. Banno, Y. Shimizu, S. Ando, H. Hasegawa, K. Adachi, T. Iwamoto, Reduced adult 

hippocampal neurogenesis and working memory deficits in the Dgcr8-deficient mouse model of 

22q11.2 deletion-associated schizophrenia can be rescued by IGF2, J Neurosci 33, 9408–9419 

(2013). 

78.     E. Rivera, A. Goldin, N. Fulmer, R. Tavares, J. R. Wands, S. M. de la Monte, Insulin and insulin-

like growth factor expression and function deteriorate with progression of Alzheimer’s disease: 

link to brain reductions in acetylcholine., J. Alzheimers. Dis. 8, 247–68 (2005). 



IGF2 protects against HD through the extracellular disposal of protein aggregates 

130 
 

79.     E. Kitraki, E. Bozas, H. Philippidis, F. Stylianopoulou, Aging-related changes in IGF-II and c-fos 

gene expression in the rat brain., Int. J. Dev. Neurosci. 11, 1–9 (1993). 

80.     D. Silva, P. Dikkes, M. Barnes, M. F. Lopez, Decreased motoneuron survival in Igf2 null mice 

after sciatic nerve transection, Neuroreport 20, 1414–1418 (2009). 

81.     P. Caroni, P. Grandes, Nerve sprouting in innervated adult skeletal muscle induced by exposure to 

elevated levels of insulin-like growth factors., J. Cell Biol. 110, 1307–17 (1990). 

82.     S. L. Near, L. R. Whalen, J. A. Miller, D. N. Ishii, Insulin-like growth factor II stimulates motor 

nerve regeneration., Proc. Natl. Acad. Sci. U. S. A. 89, 11716–20 (1992). 

83.     T. Zhao, Y. Hong, S. Li, X.-J. Li, Compartment-Dependent Degradation of Mutant Huntingtin 

Accounts for Its Preferential Accumulation in Neuronal Processes, J. Neurosci. 36, 8317–8328 

(2016). 

84.     H.-S. Suh, M.-L. Zhao, L. Derico, N. Choi, S. C. Lee, Insulin-like growth factor 1 and 2 (IGF1, 

IGF2) expression in human microglia: differential regulation by inflammatory mediators, J. 

Neuroinflammation 10, 805 (2013). 

85.     L. Salem, N. Saleh, G. Dés américq, K. Youssov, G. Dolbeau, L. Cleret, M.-L. Bourhis, J. Azulay, 

P. Krystkowiak, C. Verny, F. Morin, S. Moutereau, French Huntington Study Group, A.-C. 

Bachoud-Lévi, P. Maison, Insulin-Like Growth Factor-1 but Not Insulin Predicts Cognitive 

Decline in Huntington’s Disease., PLoS One 11, e0162890 (2016). 

86.     N. Saleh, S. Moutereau, J. J.-P. Azulay, C. Verny, C. Simonin, C. Tranchant, N. El Hawajri, A.-C. 

Bachoud-Levi, P. Maison, A.-C. Bachoud-Lévi, P. Maison, Huntington French Speaking Group, 

High insulinlike growth factor I is associated with cognitive decline in Huntington disease., 

Neurology 75, 57–63 (2010). 

87.     M. A. Pouladi, Y. Xie, N. H. Skotte, D. E. Ehrnhoefer, R. K. Graham, J. E. Kim, N. Bissada, X. 

W. Yang, P. Paganetti, R. M. Friedlander, B. R. Leavitt, M. R. Hayden, Full-length huntingtin 

levels modulate body weight by influencing insulin-like growth factor 1 expression, Hum. Mol. 

Genet. 19, 1528–1538 (2010). 

88.     B. Y. Wong, D. E. Ehrnhoefer, R. K. Graham, D. D. O. Martin, S. Ladha, V. Uribe, L. M. Stanek, 

S. Franciosi, X. Qiu, Y. Deng, V. Kovalik, W. Zhang, M. A. Pouladi, L. S. Shihabuddin, M. R. 

Hayden, Partial rescue of some features of Huntington Disease in the genetic absence of caspase-

6 in YAC128 mice., Neurobiol. Dis. 76, 24–36 (2015). 

89.     L. Eijssen, V. S. Goelela, T. Kelder, M. E. Adriaens, C. T. Evelo, M. Radonjic, A user-friendly 

workflow for analysis of Illumina gene expression bead array data available at the 

arrayanalysis.org portal, BMC Genomics 16, 482 (2015). 

90.     V. G. Tusher, R. Tibshirani, G. Chu, Significance analysis of microarrays applied to the ionizing 

radiation response, Proc. Natl. Acad. Sci. 98, 5116–5121 (2001). 



Chapter 5 

 

131 
 

91.     B. Khomtchouk, D. J. Van Booven, C. Wahlestedt, HeatmapGenerator: high performance RNAseq 

and microarray visualization software suite to examine differential gene expression levels using 

an R and C++ hybrid computational pipeline, Source Code Biol. Med. 9, 30 (2014). 

92.     S. S. C. Turner, B. J, Julie D. Atkin, Manal A. Farg, Da Wei Zang, Alan Rembach, Elizabeth C. 

Lopes, Justin D. Patch, Andrew F. Hill, Impaired Extracellular Secretion of Mutant Superoxide 

Dismutase 1 Associates with Neurotoxicity in Familial Amyotrophic Lateral Sclerosis, J. Neurosci. 

25, 108–117 (2005). 

93.     M. Torres, D. B. Medinas, J. M. Matamala, U. Woehlbier, V. H. Cornejo, T. Solda, C. Andreu, P. 

Rozas, S. Matus, N. Muñoz, C. Vergara, L. Cartier, C. Soto, M. Molinari, C. Hetz, The Protein-

disulfide Isomerase ERp57 Regulates the Steady-state Levels of the Prion Protein., J. Biol. Chem. 

290, 23631–45 (2015). 

94.     L. Ryno, J. C. Genereux, T. Naito, R. I. Morimoto, E. T. Powers, M. D. Shoulders, R. L. Wiseman, 

Characterizing the Altered Cellular Proteome Induced by the Stress-Independent Activation of 

Heat Shock Factor 1, ACS Chem. Biol. 9, 1273–1283 (2014). 

95.     C. R. O’Riordan, A. L. Lachapelle, K. A. Vincent, S. C. Wadsworth, Scaleable chromatographic 

purification process for recombinant adeno-associated virus (rAAV)., J. Gene Med. 2, 444–54. 

96.     K. Castillo, V. Valenzuela, S. Matus, M. Nassif, M. Onate, Y. Fuentealba, G. Encina, T. Irrazabal, 

G. Parsons, F. A. Court, B. L. Schneider, D. Armentano, C. Hetz, Measurement of autophagy flux 

in the nervous system in vivo, Cell Death Dis 4, e917 (2013). 

97.     R. K. Graham, E. J. Slow, Y. Deng, N. Bissada, G. Lu, J. Pearson, J. Shehadeh, B. R. Leavitt, L. 

a Raymond, M. R. Hayden, Levels of mutant huntingtin influence the phenotypic severity of 

Huntington disease in YAC128 mouse models., Neurobiol. Dis. 21, 444–55 (2006). 

98.     J. P. G. Vonsattel, C. Keller, E. P. Cortes Ramirez, in (2011), pp. 83–100. 

99.    J. P. Vonsattel, R. H. Myers, T. J. Stevens, R. J. Ferrante, E. D. Bird, E. P. Richardson, 

Neuropathological classification of Huntington’s disease., J. Neuropathol. Exp. Neurol. 44, 559–

77 (1985). 

100.    D. Dickson, R. O. Weller, Eds., Neurodegeneration: The Molecular Pathology of Dementia and 

Movement Disorders (Wiley-Blackwell, Oxford, UK, 2011; 

http://doi.wiley.com/10.1002/9781444341256). 



IGF2 protects against HD through the extracellular disposal of protein aggregates 

132 
 

Supporting Information 

 
Supporting information 1, XBP1 deficiency does not alter Igf1 mRNA levels.  

Igf1 mRNA levels were measured by real-time PCR in cDNA generated from striatal tissue of 9-months old XBP1cKO-

YAC128 mice. Data represents the average and SEM of 5 animals.  

 

 
Supporting information 2, IGF2 expression reduces polyQ79 aggregation.  

A, Neuro2a cells were co-transfected with a polyQ79-EGFP expression vector and IGF2 plasmid or empty vector 

(Mock). 24 h later, cells were collected in Trizol and GFP mRNA levels were measured by semi-quantitative PCR. B, 

Quantification of the 48 h filter trap experiment from figure 2c. Values represent the mean and SEM of at least three 

independent experiments. Statistically significant differences detected by two-tailed unpaired t-test (***: p < 0.0001; **: p 

< 0.001; *: p < 0.05). 

 

 
Supporting information 3, IGF2 does not inhibit global protein synthesis or degradation.  

A, HEK293T cells were co-transfected with GFP-mHttQ43 expression vector with IGF2 plasmid (right upper panel) or 

empty vector (left upper panel), and then pulse labeled with 35S for indicated time points. Autoradiography (AR) represents 

total proteins that were synthesized in the time of harvesting cells. All data were normalized to time point 0 h (lower panel). 

B, HEK293T cells were co-transfected with GFP-mHttQ43 expression vector with IGF2 plasmid (right upper panel) or 

empty vector (left upper panel), and then pulse labeled with 35S for indicated time points to follow the decay of the labeled 

protein while chasing with unlabeled precursor. Autoradiography (AR) represents total extracts in each time (upper panel). 

All data were normalized to time point 1 h (lower panel). C, HEK293T cells were transfected with GFP-mHttQ43 and IGF2 

expression vectors. Pulse was performed 24 h after transfection. Cells were treated with 30 μM chloroquine (CQ) or 1 µM 

bortezomib (Bort) at the beginning of the chasing for additional 21 h (upper panel). Ubiquitin, p62 and LC3 were measured 

as control of the autophagy inhibition.  
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Supporting information 4, Neither proteasome nor autophagy are involved in the reduction of polyQ levels after 

IGF2 expression.  

A, Neuro2a cells were co-transfected with expression vectors for polyQ79-EGFP and IGF2 or empty vector (Mock). 

After 8 h, cells were treated with 1 μM MG132 for additional 16 h. PolyQ79-EGFP inclusions were visualized by 

fluorescence microscopy (upper panel) and polyQ79 aggregation levels measured by filter trap (lower panel). B, Filter trap 

assay was performed to detect polyQ79-EGFP aggregates using the same cells extracts of figure 4e using an anti-GFP 

antibody (upper panel) and quantified (lower panel). C, Neuro2a cells were transfected with IGF2 for 8 h and then treated 

with 1 μM lactacystin (Lact) or 1 μM MG132 for additional 16 h. Ubiquitin accumulation was measured by western blot to 

confirm the activity of the inhibitors. Hsp90 expression was measured as loading control. D, Neuro2a cells where co-

transfected with a polyQ79-EGFP expression vector and IGF2 plasmid or empty vector (Mock) for 8 h, and then treated 

with 30 μM chloroquine (CQ) for additional 16 h. p62 levels were monitored by western blot using anti-p62 antibody. Hsp90 

expression was monitored as loading control (upper panel). p62 levels were quantified and normalized to Hsp90 (lower 

panel). E, Neuro2a cells were co-transfected with polyQ79-EGFP and IGF2 expression vectors or empty vector (Mock) for 

8 h, and then treated with 30 μM CQ for additional 16 h.  p62 and LC3 levels were measured by western blot as control 

for autophagy inhibitors in experiment shown in figure 4h. Hsp90 levels were determined as loading control. F, HEK293T 

cells were co-transfected with polyQ79-EGFP and IGF2 expression vectors or empty vector (Mock). After 8 h cells were 

treated with 30 μM chloroquine (CQ) for additional 16 h. PolyQ79-EGFP aggregation was analyzed in whole cells extracts 

by western blot using anti-GFP antibody. Hsp90 expression was monitored as loading control (left panel). PolyQ79 

aggregates levels were quantified and normalized to Hsp90 levels (right panel). G, Filter trap assay was performed using 

the same cells extracts analyzed in (F) and polyQ79-EGFP aggregates detected using anti-GFP antibody (upper panel) 

and quantified (lower panel). H, HEK293T cells were transiently transfected with IGF2 expressing vector (IGF2) or empty 

plasmid (Mock) for 8 h, and then treated with 30 μM CQ for additional 16 h.  p62 and LC3 levels were measured by 

western blot as control for autophagy inhibitors in experiment shown in figures 4f and g. Hsp90 levels were determined 

as loading control. I and J, Neuro2a cells were co-transfected with polyQ79 and IGF2 or empty vector (Mock) for 8 h and 

then treated with 200 nM bafilomycin A1 (Baf) or 250 mM 3-methyladenine (3-MA) for additional 16 h. PolyQ79-EGFP 

aggregation was analyzed in cell lysates using western blot with an anti-GFP antibody. Hsp90 or GAPDH expression were 

monitored as loading control. In all quantifications, average and SEM of at least three independent experiments are shown. 

Statistically significant differences detected by two-tailed unpaired t-test (**: p < 0.001; *: p < 0.05). 
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Supporting information 5, Controls for exosome purification  

A, NanoSight profile of exosomes purified form IGF2 expressing cells. Isolated exosomes from Neuro2a cells co-

transfected with polyQ79-EGFP and IGF2 plasmid or empty vector (Mock) were analyzed by NanoSight nanotracking 

analysis and plotted by size to confirm proper purification method. B, Western blot analysis of enriched fractions in 

microvesicles (MV) and exosomes for the exosome marker Alix. 

  

 
Supporting information 6, Gene therapy to deliver IGF2 into the brain.  

A, Neuro2a cells were co-transfected with expression vectors for mHtt588Q95-RFP and IGF2 plasmid or empty vector 

(Mock) using an AAV back bound. After 24 h, mHttQ95-RFP inclusions were visualized by microscopy (left panel). Protein 

aggregation was analyzed in whole cells extracts by western blot (right panel). Hsp90 was measured as loading control. 

B, Igf2-HA expression was confirmed by conventional PCR in cDNA obtained from dissected striatum of animals co-

injected with AAV mHtt588Q95-RFP and AAV IGF2 or AAV Mock showed in Figure 7A. C, Igf2-HA expression was 

confirmed by conventional PCR in cDNA obtained from dissected striatum of YAC128 animals injected with AAV IGF2 or 

AAV Mock intra-cerebroventricular at neonatal stage P1-P2 showed in Figure 7C. 
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Table S1, List of Proteins modified by IGF2 expressioin 
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Table S2, Human post mortem brain samples. 

 

 

Table S3, Blood samples from HD Chilean proteins and healthy controls. 
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Maintaining a healthy proteome is crucial for cellular function and survival. In cells, protein 

homeostasis is constantly challenged by a variety of intrinsic and extrinsic stress factors that require 

adaptations of protein quality surveillance pathways. In response to acute forms of stress, such as 

environmental changes, but also cell intrinsic changes like differentiation, cells can rebalance protein 

homeostasis by activating highly inducible protein quality control pathways (1). To maintain basal 

protein control, relevant in more chronic forms of stress as, for example, the expression of disease-

causing mutant proteins, other regulatory factors or pathways may become more important especially 

under conditions of aging where the acute stress responses have declined (2).  

Whereas in studies on proteotoxic stress the differences between acute and chronic stress are often 

not specifically articulated, they do significantly differ in many aspects. Most forms of acute stresses 

involve a pleiotropic chain of events in which multiple proteins are affected at the same time and in high 

quantities and often cause destruction of the cellular ultrastructure (3). This suffices to trigger stress 

pathways (HSR/UPR) that upregulate the classical HSPs that have rather promiscuous client recognition 

characteristics (for example, HSP70s, certain J-domain proteins, and some small HSP like HSPB1) or 

that can stabilize cell structures (4). Indeed, e.g. the single elevations of proteins like Hsp70 (5) or HSPB1 

(6) suffice to protect against heat induced toxicity and are associated with improved protein refolding  

(5, 7, 8) and reduced cytoskeletal collapse (6). In contrast, in chronic stress damage accumulates slowly, 

often involving (initially) only few or even single proteins and this is (initially) not associated with major 

structural changes. These chronic forms of stress (initially) also generally do not suffice to activate the 

stress pathways. Moreover, the substrates involved may require specific chaperones for recognition and 

handling (9) and handling may rather require client disposal than refolding. Indeed, in screens done in 

our lab, canonical chaperones regulated by the HSR were found to be rather ineffective in handling 

chronic stress as induced by many disease-related proteins (10). Instead, non-HSR regulated members of 

e.g. the J-domain protein family members like DNAJB6 (10) or small HSPB family members like HSPB7 

(11) did handle such disease-associated clients such that they did not form pathological aggregates. What 

features specify such difference between canonical HSR-regulated and non-HSR regulated HSP is yet 

barely understood. Our data comparing HSPB1 (acute stress protector) and HSPB7 (chronic stress 

protector) (chapter 3) have provided some initial insights in this.  

Another striking feature of acute proteotoxic stress in the transient pausing of protein synthesis (12). 

This will reduce substrate load for the protein quality control system and together with the (selective) 

expression of chaperones further help to rebalance protein homeostasis. Little was known about the 

translational control over misfolded proteins in chronic forms of stress. Our findings that the transcription 

factor FOXO1, at least partly, activates a program that controls translation of certain mRNA like those 

involved in polyglutamine disease, is one of the first in this field.  

Finally, whereas as most emphasis on protein quality control is related to intracellular processes, we 

identified a process whereby cells seem to “solve” their inability to dispose accumulated chronic protein 

damage by excreting it. Whereas it is yet premature to conclude on the cell autonomous benefits of such 

an additional PQC level versus the putative non-cell autonomous threats of such events (e.g. prion like 

effects), these data add to the notion that maintaining protein homeostasis is key to cellular fitness and is 

regulated in multiple (backup) layers.   

 

Aspirin (ASA): promising HSP inducer to ameliorate acute stress 

 In chapter 2, we show that ASA pre-treatment can protect cardiac cells against the toxicity of acute 

heat stress both in vitro and in vivo. These protective effects were related to the ability of ASA to activate 
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the HSR and elevate the expression level of HSF-1-regulated HSPs, including Hsp70 and the small HSP, 

HSPB1 (HSP25/27).   

The most compelling effect of ASA pretreatment was the prevention of the cytoskeletal collapse of 

the cardiomyocytes. Temperature-induced collapse of the cytoskeletal structure has been reported since 

long ago as a major damage (3, 13). Such structural forms of damage will affect many cellular functions 

including e.g. cell motility and cytoskeleton related transport. The latter will also impede on several 

PQC-related functions like aggresome formation (14) or autophagy (15). For (cardio) muscular cells, 

cytoskeletal collapse is likely to be specifically detrimental it will affect cell contractility and viability 

((16, 17), which eventually may cause tissue dysfunction either via direct loss of tissue contractility or 

via cell death-related disturbances in the electrical conduction system of the heart. Such may finally lead 

to e.g. sudden cardiac arrest (18, 19). It is thus not surprising that the major symptoms in heated poultry 

is in the heart, where a collapse of sacrcomeres of myocardial cells will have major impact on contractile 

functioning (20) with ultimately will lead to organismal death.  

It has been found HSPB1, HSPB5 and HSPB6 can stabilize microtubulies, filaments and actins. Of 

these, HSPB1 is most strongly up-regulated by HSF-1 (21). Indeed, when treating cells with the HFS-1 

activator ASA, HSPB1 was clearly up-regulated and the animals were protected against a heat-induced 

collapse of the sarcomeres and maintained fit (Chapter 2 and (22)). The importance of HSPB1 in stress-

resistance of cardiomyocytes has also been established in other proteotoxic stresses, e.g. during atrial 

fibrillation (23). Formally, however, it has yet to be proven that ASA treatment has cardioprotective 

effects that are at least partly, related to the elevated expression of HSPB1. Testing whether inhibiting 

the ASA-induced expression of HSPB1 (e.g. by specific siRNA treatment during ASA) eliminates the 

cytoprotective effects of ASA would be required. Inversely, it could be tested whether ectopic 

overexpression of HSPB1 alone suffices to protect chicken cardiomyocytes to heat damage.  

Irrespective of the HSP involved, however, the promising data with ASA suggest that it could be 

used as a potential stress protective medicine in breeding industry. Comparing to other pharmacological 

HSR activators, short term and limited frequency of ASA treatment seems to have no to only limited side 

effects (22, 24), although more chronic applications may need more cautious considerations. ASA can 

induce cell death in multiple cell types in vitro (25). Whereas there are no long reports on long term 

usage in poultry, some toxicity has been found on upper gastrointestinal, liver and kidney after long-term 

usage of ASA in mammalian models (26-29). Such side-effects might affect food intake, meaning less 

productive. In addition, such side effects on liver and kidney may render the poultry sensitive to other 

medicines or additives in the fodder. Moreover, ASA is well known for its anti-coagulation effects (30). 

This might increase the symptom or death of some bleeding-prone disease, for example, coccidiosis and 

new castle disease. A more indirect concern is the presence of ASA after slaughter. ASA is stable up to 

140 ℃ (31), meaning that it may not be decomposed after cooking. Therefore, it will be necessary to 

measure the pharmacokinetics of ASA in birds to determine when to stop ASA usage before slaughter. 

Despite of above risks, ASA seems a promising anti-acute stress medicine with potential usage for 

poultry breeding, provided good dosing and timing of the application. The HSF-1 activated HSPB1 

seems a possible main target for its action to preserve the cytoskeletal integrity of cardiomyocytes, which 

seems a likely critical determinant in determining the sensitivity to acute heat damage.    

 

The non-HSR regulated DNAJB6 and HSPB7 that protect against chronic stress 

are not regulated by FOXO1 or IGF2  

PolyQ aggregation is the result of slow accumulation of polyQ fragments that accumulate over time 

until critical conditions arise that initiates an amyloidogenic process that next rapidly progresses in which 
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the initial seeds act as sites of polymerization ends for the yet soluble polyQ (32). This is usually not 

sensed by the cells as a proteotoxic stress and thus does not activate the acute stress pathways like in the 

case of e.g. heat stress (33-35). Inversely, as stated above, most of the target genes activated by these 

pathways encode for proteins that are not very effective in suppressing polyQ aggregation (35). In 

particular, HSPB1 that plays a protective role in acute stresses (4, 8, 36) does not protect against the 

formation of polyQ aggregates (Chapter 3 and (11)). Rather, other HSP family members that are not 

regulated by these acute stress response pathways like e.g. DNAJB6 (37)or HSPB7 (Chapter 3 and (11)) 

are most active in dealing with such chronic forms of stress. In thesis theses, we tested whether longevity 

related pathways like those initiated by FOXO1 or IGF2 would act via these non-HSF1 regulated 

chaperones. However, whilst both pathways lead to suppression of polyQ aggregation we found no role 

for DNAJB6, HSPB7 nor any other of the small HSPs to play a role in this the effects of FOXO1 or 

IGF2-initiated pathways. Below, I will first discuss the mode of action of HSPB7 and its relevance to 

human diseases. Next, I will discuss the putative pathways induced by FOXO1 or IGF2 and how our 

findings related to what has been described for these pathways in the existing literature. 

  

HSPB7, a peculiar member of the HSPB family 

HSPB7 is a rather peculiar member of the HSPB family. Unlike most small HSPs, HSPB7 does not  

form large oligomers, has no capacity as ‘holdase’ for most classical substrates of small HSP like MDH, 

GAPDH, Rhodanese, CS, ADH and insulin (38) or e.g. firefly luciferase (11)(ref), and has not been 

associated with protection to acute stress. HSPB7 is not regulated by HSF-1 (11)and is low expressed in 

most tissues, except in the heart where its expression is high, which is why it originally was referred to 

as cardiovascular HSP22 (cvHSP27) (39). 

It was therefore surprising that we found HSPB7 to be the most potent suppressor of polyglutamine 

aggregation within the family of human small HSPBs (11). And even here, HSPB7 showed peculiar 

features as its activity: unlike for most other small HSPBs, its activity was found to be not dependent on 

Hsp70 (11). Instead, HSPB7 required active autophagy for full activity (23) where it seems to affect the 

(pre) aggregated structure and was no longer effective on pre-formed aggregates (40).  

To get some insight in these peculiar functional characteristics of HSPB7, we addressed in chapter 

3 which parts of HSPB7 are responsible in its protection against polyQ aggregation. We found that the 

NTD of HSPB7, predicted to be the most intrinsically disordered NTD of all HSPB, was crucial for its 

function and sufficient to turn HSPB1 into an effective anti-polyQ aggregation chaperone. Whereas the 

NTD also was linked to the non-oligomeric status of HSPB7, de-oligomerization alone was not sufficient 

to turn HSPB1 into an anti-polyQ aggregation chaperone. Rather the NTD also was required the guidance 

and/or binding to the polyQ proteins, likely via interactions to the regions flanking the polyglutamine 

stretch in the Huntington protein (Chapter 3). The highly disordered character of HSPB7 suggest that is 

likely to phase separate. Indeed, HSPB7 and its NTD has been shown to drive association with known 

membrane-less compartments (41). Our data show that, whereas this NTD may help to phase separate 

polyQ proteins, the ACD of HSPB7 was required to prevent the liquid to solid state transitions of the 

polyQ proteins. If fact, fusing the NTD alone directly to the polyQ protein enhanced aggregation, 

indicating that phase separation per se is not protective in preventing aggregation of proteins and even 

enhance the risk of such events most likely by enhancing the local protein concentration. The finding 

that a the same polyQ fragment fused to the entire HSPB7 has reduced aggregation propensity suggest 

that the presence of HSPB7 and likely also other small HSPB in liquid droplets (REFs) may serve to 

prevent liquid to solid transitions in such compartments. 

Why HSPB7 is expressed most highly in cardiac and fat tissues remains to be understood. It is 
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intriguing to note that dysregulated HSPB7 expression and gene polymorphisms (SNPs) have been 

repeated linked to disease. It was suggested that HSPB7 is associated with preserving contractile integrity 

by binding to and stabilizing sarcomeric proteins (42-44). In these same line, HSPB7 was also found to 

be able to protect atrial myocytes against tachycardia remodeling (45). How these activities are linked to 

the polyQ chaperone-related functions of phase separating potential of HSPB7 remains to be understood. 

However, the SNP data suggest that different HSPB7 variants may have different activities, and that 

lower-activity variants may even predispose to dilated cardiomyopathy (DCM) (46-48). Whilst more 

insight in the functional consequences of these SNP variants within the HSPB7-encoding gene are 

required, these data highlight the relevance of this chaperone for cardiac function. 

 

FOXO1 a multifacet transcription factor which yet mysterious links to PQC  

In order to test how non-HSF-1 regulated protein quality control networks like those involving 

DNAJB6 and HSPB7 related pathways were regulated by longevity-related pathways, we first turned to 

the FOXO1. Like HSF-1, FOXO1 is a transcription factor, negatively regulated by insulin signaling and 

has been associated with longevity likely via, yet mysterious, links to PQC networks. Elevated expression 

or activation of FOXO1 has been associated with increased autophagy, improved proteasome mediated 

protein degradation, as well as an elevated expression of some chaperones, including small HSPs. In 

chapter 4 we showed, for the first time in mammalian systems, that the transcriptional activity of FOXO1 

can boost a PQC program capable to reduce polyQ aggregation. However, whilst we could confirm that 

such a program indeed activates autophagy (49) and slightly upregulates the expression of some small 

HSP (50, 51), we also found that none of these could explain the anti-aggregation activity elicited by the 

FOXO-1 activity (Chapter 4). Rather, we discovered a novel branch of PQC to be initiated that lead to a 

reduction in polyQ translation rates. This pathway was found to be associated with the up-regulation of 

a number of RNA binding proteins of which inhibiting STAU1 or DDX18 could negate the anti-

aggregation effect of the FOXO1-induced network. Both of these two RNA binding proteins were 

identified when FOXO1 is overexpressed. This finding uncovered a corner of a gold mine. As a 

transcription factor FOXO1 is found the regulation function on translational level with a big network. In 

addition to these positive co-operators of FOXO1, we also found 29 proteins can be co-precipitated with 

mHtt mRNA only when FOXO1 is absent. Although further studies are not included in this thesis book, 

we have already uncovered a tip of an iceberg. The new nodes in this FOXO1 mediated translational 

network will provide more targets to cure protein homeostasis disease.  

 

IGF2 reduces polyQ aggregation 

Compared to IGF1, which is long known for its longevity and protein homeostasis regulating effects 

via both DAF-16/FOXO and HSF-1 (50, 51), IGF2 has been far less intensively studied. So far IGF2 

regulated signaling was mainly connected to the development, cancer and cardiovascular diseases (52). 

In collaboration with the lab of Claudio Hetz, it was found that like IGF1, IGF2 also controls protein 

homeostasis such that its activated pathways lead to reduced polyQ aggregation. However, in this case 

restoration of protein homeostasis was not associated with preventing intracellular aggregation and 

increases polyQ degradation (like HSPB7 or DNAJB6) nor with or reduced polyQ synthesis (like for 

FOXO1). Rather, we found that IGF2 activation resulted in an unconventional secretion of aggregated 

polyQ proteins.  

Appearance of intracellularly accumulated protein aggregates in the extracellular environment has 

been reported repeatedly and in fact has been proposed as leading to prion-like propagation of the 
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aggregation process into neighboring cells, hereby accelerating the degeneration process (53). Indeed, 

also polyQ aggregates may enter neighboring cells and seed aggregation herein (54). Whereas these 

extracellular aggregates have been most often suggested to be due to leakage from dead neuronal cells, 

our current data suggest that it may (also) be a more (IGF-2) regulated process, serving as an additional 

PQC level for cell autonomous protection. Similar suggestions for such a regulated, cell protective 

excretion have been recently proposed in data obtained with C. elegans (55). Here, it was suggested that 

the putative non-cell autonomous threats of such events (i.e the prion-like propagation) may be 

counteracted by efficient clearance of the extracellular materials in young animals and that such may be 

lost upon ageing. In other words, since maintenance of cell autonomous protein homeostasis is key to 

cellular fitness, such a backup system may have evolved for pro-survival reasons early in life but may 

become a threat when we age.  

 

Perspectives 

The data from this thesis support the notion that is acute and chronic stress are quite different in 

both the damage they induce and the pathways required to survive them. Indeed, although acute stress 

and chronic stress both activate some members of HSPs for resistance or self-rescue, the chaperones for 

the two different stress are largely different. Even within one chaperone family, different members can 

mostly response to only one type of stress. Therefore, currently, there is not a universal chaperone that 

can prevent damage related to both acute stress and chronic stress.  

Our work on HSPB7 provokes the challenge of trying to generate a chimeric “super HSPB7” in 

which the IDR of the HSPB7 NTD is fused with any of the other HSPB-ACDs to test whether such fusion 

proteins could have even better anti-aggregation effects. On one hand, ACDs from other small HSPs may 

be more potent in suppressing polyQ-aggregation than the ACD of HSPB7 (although this was not found 

for HSPB1). On the other hand, other HSPBs bound to their specific substrates may more readily phase 

separate with their clients and hence prevent them for co-aggregation with other cellular proteins or 

structures. As HSPB7 is only expressed at very low levels in brain, it may be worthwhile to learn more 

about how its expression is regulated. Once a key transcription factor (or factors) would be identified, 

one could design drug screens to selectively upregulate HSPB7. It would be worthwhile to explore what 

are the endogenous “clients” of HSPB7, especially in cardiac cells. This may explain why specifically 

the heart is sensitive to single nucleotide polymorphisms (SNPs) in HSPB7. Finally, the precise 

functional consequence of these SNPs that link to cardiac disease susceptibility requires further studying.  

Finally, uncovering the networks regulated by FOXO1 and IGF2 and the identification of their 

downstream targets that regulate protein homeostasis may provide various strategies for disease therapy. 

The regulation of polyQ translation rates by FOXO1 have shown that it requires STAU1 and DDX18. 

But are these activities sufficient? And how precisely do STAU1 and DDX18 work? Is this truly due to 

simple competitive binding to polyQ mRNA only? In fact, DDX18 is known as a RNA chaperone which 

can destabilize the RNA helices structure for refolding to specific structure (56) and hence, beside simple 

binding DDX18 may actually affect the polyQ mRNA structure such that it can no longer efficiently bind 

to the ribosome or translational regulators. STAU1 is known to bind to dsRNA and to affect RNA 

transport, which has been linked to RNA degradation (57-59). This could also be linked to the fact that 

we often noticed reduced polyQ RNA levels in case of FOXO1 overexpression although these effects 

were rather fluctuating (data not shown). 
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Samenvatting in het Nederlands 

Het handhaven van een gezond proteoom (d.w.z. alle eiwitten in de cel) is cruciaal 

voor de cellulaire functie en het overleven van de cel. De eiwitbalans, of 

eiwithomeostase, in cellen staat voortdurend onder spanning door een verscheidenheid 

aan intrinsieke en extrinsieke stressfactoren. De systemen die de eiwitkwaliteit 

reguleren moeten zich daarom continu kunnen aanpassen. Als reactie op acute vormen 

van stress, zoals veranderingen in de omgeving en intrinsieke veranderingen in cellen, 

zoals tijdens differentiatie, kunnen cellen de eiwithomeostase opnieuw in balans 

brengen door induceerbare eiwitkwaliteitscontrole-routes te activeren. Om de basale 

eiwitcontrole te handhaven, wat relevant is in meer chronische vormen van stress zoals 

de expressie van ziekteverwekkende mutante eiwitten, zijn andere regulerende factoren 

of routes belangrijker. Dit is vooral relevant tijdens veroudering wanneer de acute 

stressreacties minder goed werken. Het doel van dit proefschrift was om de rol van 

eiwitkwaliteitscontrole in acute en chronische stress te bestuderen. 

In hoofdstuk 1 hebben we de routes en componenten besproken die 

eiwithomeostase in eukaryoten reguleren. Hierbij is gefocust op het netwerk van heat 

shock proteïnen (HSP's). Onder fysiologische situaties is eiwithomeostase afhankelijk 

van de correcte vouwing, translocatie, assemblage en demontage van eiwitcomplexen 

en tijdige afbraak van eiwitten. Wanneer deze balans wordt verstoord, zijn de “heat 

shock response” (HSR) en de “unfolded protein response” (UPR) cruciale routes die 

worden geactiveerd om de eiwithomeostase opnieuw in evenwicht te brengen. 

Tegelijkertijd wordt de eiwitsynthese op verschillende niveaus geremd (minder 

aanmaak van ribosomale componenten en directe remming van translatie) om de 

belasting van het eiwitkwaliteitssysteem te verlagen. In tegenstelling tot acute stress, 

activeren chronische vormen van stress de HSR of de UPR vaak niet, zoals bijvoorbeeld 

bij de expressie van mutante eiwitten die zogenaamde eiwitaggregatieziekten 

veroorzaken (bijvoorbeeld de ziekte van Huntington). Dit gebeurt althans niet voordat 

de meeste schade al is aangericht. In deze gevallen zal intrinsieke weerstand tegen 

dergelijke mutante eiwitten vooral afhankelijk zijn van metabole routes die de basale 

niveaus van de componenten van de eiwitkwaliteitscontrole reguleren. Deze routes 

omvatten, onder meer, de insuline/IGF1- en insuline /IGF2-signaleringsroutes en 

reguleren de belangrijkste transcriptiefactoren die betrokken zijn bij de expressie van 

netwerken voor de eiwitkwaliteitscontrole. 

Hoofdstuk 2 gaat in op de problemen die gepaard gaan met oververhitting (acute 

stress) zoals die zich voordoen in sommige kippenfokkerijen in China. Er werd 

gevonden dat voorbehandeling met aspirine, hetgeen de HSR activeert, de door hitte 

veroorzaakte schade in myocardiale cellen aanzienlijk kan verminderen. Belangrijk is 

dat het beschermende effect van aspirine afwezig was als tegelijkertijd de inductie van 

HSP’s wordt geremd. Dit is een sterke aanwijzing dat het inderdaad de opregulatie van 

deze HSP’s is, die de cardiomyocyten tegen oververhitting beschermt. 

Er zijn veel verschillende HSP’s in cellen en deze zijn verdeeld in verschillende 

families, elk bestaande uit een aantal verschillende leden. In hoofdstuk 3 hebben we 

ons gericht op de familie van de kleine HSP's (de zogenaamde HSPB-familie). Veel van 

de leden van deze familie waren betrokken bij de bescherming tegen acute vormen van 
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stress zoals hitteschok (bijvoorbeeld HSPB1). HSPB1 is echter niet, of slechts 

marginaal, effectief onder omstandigheden van chronische stress, zoals eerder genoemd 

bij de expressie van ziekteverwekkende mutante eiwitten. Een voorbeeld hiervan is 

polyglutamine (polyQ)-bevattende eiwitten die aggregatie-gevoelig zijn en 

verschillende ziekten kunnen veroorzaken, inclusief de ziekte van Huntington. Van een 

ander lid van dezelfde familie, HSPB7, was beschreven dat het juist een zeer krachtige 

werking had om polyQ-aggregatie tegen te gaan. Terwijl HSPB1 behoort tot de eiwitten 

die worden aangestuurd door de HSR, wordt HSPB7 niet geactiveerd door acute 

vormen van stress. HSPB7 wordt wel constitutief (zonder externe stress) sterk tot 

expressie gebracht in hartcellen. Zowel HSPB1 als HSPB7 bevatten echter beide het 

zogenaamde alpha-crystalline domain (ACD) dat de HSPB-familie kenmerkt. Waarom 

HSPB7 zoveel beter werkt dan HSPB1 bij het voorkomen van chronische stress was tot 

dusver onduidelijk. In hoofdstuk 3 laten we zien dat de anti-aggregatie activiteit van 

HSPB7 wordt bepaald door een stuk van het eiwit dat aan het zogenaamde N-terminale 

uiteinde  (de “NTD”) zit. De NTD van HSPB7 heeft geen duidelijke (secundaire) 

structuur, en is daardoor zeer flexibel, en is zowel noodzakelijk als voldoende om de 

ACD van HSPB-eiwitten te laten binden aan polyQ-bevattende eiwitten om zo hun 

aggregatie te onderdrukken. Ons onderzoek laat zien dat verschillende leden van de 

HSPB-familie verschillende soorten mis-gevouwen eiwitten kunnen herkennen. De ene 

(HSPB1) herkent meer generieke vormen van ontvouwing  die plaatsvinden tijden 

acute vormen van stress zoals hitteschok (HSPB1) en kan daardoor onder deze conditie 

aggregatie onderdrukken, terwijl de andere (HSPB7) in staat is zich te binden aan 

amyloïde vormende eiwitten zoals polyQ eiwitten die chronische ziektes veroorzaken. 

Hoe de expressie van niet-HSR-gereguleerde HSP’s, zoals HSPB7, wordt 

gereguleerd is grotendeels onbekend. Het is echter aangetoond dat de insuline-

groeifactor signaalroute (IGF-1 route) een belangrijke route is die eiwithomeostase 

onder fysiologische omstandigheden reguleert. Indien actief, remt de IGF-1 route HSF-

1, de transcriptiefactor verantwoordelijk voor transcriptie van HSR-gereguleerde HSP 

genen. Daarnaast remt de IFG-route ook FOXO1, een andere belangrijke globale 

transcriptiefactor. In C. elegans is de verhoging van de activiteit van de homoloog van 

de humane FOXO1, DAF-16, voldoende om eiwitaggregatie te verminderen onder 

omstandigheden van chronische stress en wordt dit geassocieerd met verlenging van 

levensduur (“healthy ageing”). Hoe FOXO1 de eiwitkwaliteitscontrole bij zoogdieren 

regelt, is echter niet goed bekend. Op basis van gegevens verkregen met onderzoek naar 

DAF-16 in C. elegans, werd gesuggereerd dat deze werking van FOXO1 mogelijk 

gekoppeld was aan verhoogde expressie van HSPB eiwitten en (wellicht hierdoor) een 

verbeterde afbraak van eiwitaggregaten door autofagie. In hoofdstuk 4 vonden we dat 

FOXO1 inderdaad de aggregatie die geïnduceerd wordt door chronische stress (polyQ-

eiwitexpressie) kan tegengaan en tegelijkertijd de expressie van HSPB eiwitten 

verhoogde. Tot onze verbazing bleek echter de verlaagde polyQ-aggregatie 

onafhankelijk te zijn van de opregulatie van HSPB eiwitten en ook onafhankelijk te zijn 

van eiwit afbraakroutes (autofagie en ook proteasomale afbraak). In plaats daarvan 

vonden we dat aanmaak (translatie) van polyQ-eiwitten was verminderd in cellen met 

meer FOXO1. Dit bleek geassocieerd met een sterkere interactie van zes RNA-

bindende eiwitten (STAU1, IGF2BP3, DDX18, FUS, DDX41 en TAF15) met het 

polyQ mRNA waardoor specifiek minder polyQ eiwit kon worden aangemaakt. 
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Remming met de CRISPRi techniek van twee van deze eiwitten, STAU1 en DDX18, 

in cellen met meer FOXO1, leidde tot verlies van effectiviteit van FOXO1 bij het 

remmen van de polyQ-aggregatie. Deze gegevens tonen aan dat de FOXO1 

geactiveerde transcriptionele route niet alleen eiwitkwaliteitscontrolenetwerken 

verbetert, maar ook de mRNA-surveillance waardoor de synthese van mutante polyQ-

eiwitten wordt verminderd. 

Naast IGF-1 brengen zoogdiercellen een andere IGF tot expressie: IGF-2.  Deze 

IGF-2 route is nog niet eerder bestudeerd in de context van proteotoxische stress. 

Onlangs heeft de groep van Claudio Hetz aangetoond dat de ER-gerelateerde 

transcriptiefactor XBP1 (een hoofdcomponent van de UPR) wordt gereguleerd door 

IGF-2. Verder laten ze zien dat deze route ook de accumulatie van polyQ-aggregaten 

vermindert en het begin van symptomen in Huntington-muismodellen vertraagde. Hoe 

de door IGF-2 gereguleerde route deze bescherming biedt, en of de mechanismen 

vergelijkbaar zijn met of overlappen met effecten gerelateerd aan IGF-1, was onbekend. 

In hoofdstuk 5 laten we zien dat IGF-2, in tegenstelling tot FOXO1 in de IGF1-route, 

de snelheid van synthese van mutant polyQ huntingtin niet beïnvloedt. IGF-2 had echter 

ook geen effect op de degradatie van polyQ-huntingtin via de autofagie en proteasomale 

routes. Wat werd gevonden, is dat IGF2-signalering de secretie van polyQ-huntingtin 

via exosomen stimuleren kon. Bovendien liet analyse van menselijk hersenweefsel en 

bloedmonsters van Huntington patiënten een verlaging van het IGF2-niveau zien. 

Tezamen suggereren deze data dat IGF-2 de accumulatie van abnormale 

eiwitaggregaten buffert en wellicht gedereguleerd is in de ziekte van Huntington. 

Onze studies (samengevat in hoofdstuk 6) ondersteunen het idee dat acute stress 

en chronische stress grotendeels verschillen en verschillende netwerken van 

eiwitkwaliteitscontrole vereisen voor optimale bescherming. Zelfs binnen één 

chaperonne familie, zoals geïllustreerd voor de HSPB familie, zijn verschillende leden 

niet alleen verschillend gereguleerd, maar beschermen ze ook tegen verschillende 

vormen van stress. Onze gegevens over de IGF-routes laten verder zien hoe het 

eiwitkwaliteitscontrolesysteem de cellulaire eiwithomeostase bij chronische stress op 

meerdere manieren reguleert. Dat gebeurt niet alleen door de chaperonne (vouw) 

capaciteiten en degradatiecapaciteiten te verbeteren, maar ook door de eiwitsynthese te 

reguleren en zelfs door aggregaten extracellulair te dumpen. Deze meerdere lagen van 

eiwitkwaliteitscontrole onderstrepen het belang van het handhaven van 

eiwithomeostase voor de fitness van cellen en organismen. 
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Summary in English 

 Maintaining a healthy proteome is crucial for cellular function and survival. In cells, protein 

homeostasis is constantly challenged by a variety of intrinsic and extrinsic stress factors that require 

adaptations of protein quality surveillance pathways. In response to acute forms of stress, such as 

environmental changes as well as intrinsic changes in cells like during differentiation, cells can rebalance 

protein homeostasis by activating highly inducible protein quality control pathways. To maintain basal 

protein control, relevant in more chronic forms of stress such as the expression of disease-causing mutant 

proteins, other regulatory factors or pathways may become more important especially under conditions 

of aging where the acute stress responses have declined. The aim of this thesis was to study the role of 

protein quality control pathways in acute and chronic stress. 

In Chapter 1, we reviewed the pathways and components that regulate protein homeostasis in 

eukaryotes with a focus on the network of heat shock proteins (HSPs). Under physiological situations, 

protein homeostasis relies on appropriate folding, translocation, assembly and disassembly, and timely 

degradation of proteins. When this balance is disturbed, the heat shock response (HSR) and the unfolded 

protein response (UPR) are crucial pathways that are activated to rebalance homeostasis. In parallel, 

protein synthesis is attenuated at various levels (ribosomal biogenesis, translation) to reduce the burden 

on the protein quality system. Unlike acute stress, chronic forms of stress such as the expression of mutant 

proteins that cause so-called protein aggregation diseases (e.g. Huntington’s disease) often do not activate 

the HSR or the UPR, at least not until most damage has been done. Here, intrinsic resistance to such 

mutant proteins will much rely on metabolic pathways that regulate the basal levels of PQC components. 

These include the insulin/IGF1 and insulin/IGF2 signaling pathways negatively regulate key 

transcription factors involved in protein quality control networks 

Chapter 2 addresses the problems associated with acute heat stress as it occurs in the chicken 

breeding industry. We found that aspirin pre-treatment, that activates the HSR, can reduce heat stress-

induced injury in myocardial cells in vitro and in vivo. Importantly, the protective effect of aspirin was 

suppressed when the induction of heat shock proteins was inhibited, strongly suggesting that it is indeed 

the upregulation of these HSPs that protect the cardiomyocytes against heat shock.  

There are many different heat shock proteins in cells and these are divided in different families, each 

consisting of a number of different members. In Chapter 3, we focused on the family of small HSPs (the 

so-called HSPB family). Many of these members had been implicated in protection against acute forms 

of stress (e.g. HSPB1). HSPB1, however was not or only marginally effective under conditions of chronic 

stress, such as the expression of polyglutamine containing proteins that cause disease like Huntington’s 

disease. Strikingly, another member of the same family, HSPB7, had been described as a very potent 

member to prevent polyQ aggregation. Whereas HSPB1 belongs to the proteins driven by the HSR, 

HSPB7 is not activated by acute forms of stress, but constitutively and highly expressed in cardiac cells. 

Yet both HSPB1 and HSPB7 share the so-called Alpha-Crystallin Domain (ACD) that characterizes the 

HSPB family. Why HSPB7 works so much better than HSPB1 in preventing chronic stress had remained 

unclear. In chapter 3, we show that this activity of HSPB7 is driven by its N-terminal region (NTD). This 

NTD of HSPB7 is highly disordered (i.e. has no clear secondary structure) and is both necessary and 

sufficient to allow the ACD of HSPB proteins to bind to and suppress the aggregation of polyQ 

containing proteins. This shows that different members of the HSPB family may recognize different 

types of protein misfolds, one that is more generic and required to suppress against acute forms of 

unfolding stresses like heat shock (HSPB1) and one that is capable of binding to amyloidogenic proteins 

that may cause chronic disease (HSPB7).  
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How the expression of non-HSR-regulated HSP like HSPB7 is controlled has remained largely 

unknown. However, the insulin/insulin-like growth factor (IGF) signaling pathway has been shown to be 

an important pathway that regulates protein homeostasis under physiological conditions. When active, 

the insulin/IGF signaling pathway negatively regulates HSF1 (for basal transcription of HSR regulated 

HSP) and FOXO1 (a main global transcription factor, associated with protein homeostasis and longevity). 

In C. elegans, the elevation of the activity of DAF-16 (homolog of FOXO1 in C. elegans) is sufficient to 

reduce protein aggregation under conditions of chronic stress and is associated with life span extensions. 

However, how FOXO1 regulates protein quality control in mammals is not well known. Like for DAF-

16 in C. elegans, FOXO1 was suggested to be linked to elevated expression of small HSP and improved 

clearance of protein aggregates by autophagy. In Chapter 4, we found that FOXO1 indeed elevated small 

HSP transcription, upregulated autophagy, and reduced aggregation induced by chronic stress (polyQ 

protein expression). However, reduced polyQ expression was found to be independent of the 

upregulation of small HSPs and independent of any degradation pathway (autophagy nor proteasomal 

degradation). Instead, we found that translation rates of polyQ huntingtin were reduced upon FOXO1 

overexpression. This was associated with an enhanced interaction of six RNA binding proteins (STAU1, 

IGF2BP3, DDX18, FUS, DDX41 and TAF15) with polyQ mRNA. Moreover, inhibiting STAU1 and 

DDX18 by CRISPi suppressed the action of FOXO1 in reducing polyQ aggregation. These data show 

that the FOXO1 activated transcriptional pathway not only up-regulated PQC networks, but also 

enhances mRNA surveillance to reduce the synthesis of mutant polyQ proteins. 

In addition to IGF1, mammalian cells express another IGF, IGF2, which is not well studied yet in 

the context of proteotoxic stress. Recently, the group of Claudio Hetz demonstrated that the ER-related 

transcription factor XBP1 (a main component of the UPR) is regulated by IGF2 and this pathway 

decreases the accumulation of polyQ aggregates and delayed the onset of symptoms in Huntington mouse 

models. How the IGF2-regulated pathway provides this protection and whether or not the mechanisms 

are similar to or overlapping with effects related to IGF1 was unknown. In chapter 5, we show that IGF2 

treatment, unlike FOXO1 in the IGF1 pathway, does not affect the rate of synthesis of mutant polyQ 

huntingtin. However, IGF2 also did not enhance clearance of polyQ huntingtin via autophagy and 

proteasome. Rather, IGF2 signaling enhanced the secretion of polyQ huntingtin through exosomes, 

possibly involving changes in actin dynamics. Analysis of human postmortem brain tissue and blood 

samples from HD patients showed a reduction of IGF2 level, suggesting IGF2 as a relevant factor 

deregulated in HD, operating as a disease modifier that buffers the accumulation of abnormal protein 

aggregates. 

Our studies (summarized in Chapter 6) support the idea that acute stress and chronic stress are 

largely different and require different protein quality control networks for optimal protection. Even 

within one chaperone family, as was illustrated for the small HSP, different members are not only 

differentially regulated but also protect against different forms of stress. Our data on insulin/IGF 

pathways further uncovered how the protein quality control system regulates protein homeostasis in 

chronic stress in multiple manners, not only by improving chaperone (folding) capacities and degradative 

capacities, but also by regulating folding demand and even by damage dumping extracellularly. These 

multiple layers of protein quality control underscore the importance of maintaining protein homeostasis 

for cellular and organismal fitness. 
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