
UNFOLDED PROTEIN RESPONSE

Modulating protein quality
control
Small molecules that modulate the unfolded protein response have the

potential to treat a variety of human protein misfolding diseases.
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A
third of all human proteins are folded

inside a compartment called the endo-

plasmic reticulum with the help of chap-

erone proteins (Balch et al., 2008). This

compartment also contains other protein-based

factors that check the quality of the folded pro-

teins and send them to be degraded if they do

not meet the required standard. If unfolded or

misfolded proteins start to accumulate, the

endoplasmic reticulum becomes stressed and

activates a signaling pathway called the

unfolded protein response (Mori, 2000; Kauf-

man, 2002; Ron and Walter, 2007). There are

three stress-sensor proteins that each control

different branches of the unfolded protein

response. ATF6 and IRE1 lead to the upregula-

tion of genes that enhance the capacity of the

endoplasmic reticulum to fold proteins or medi-

ate quality control, whereas PERK performs

several other roles including pausing the pro-

duction of new proteins to temporarily lower the

protein-folding burden.

The unfolded protein response is implicated

in many diseases. For example, the response is

often activated in rapidly growing cancer cells,

which enables the cells to fold the large num-

bers of mutated proteins they produce. Also,

viruses can trigger this response as part of their

strategy to trick host cells into producing a num-

ber of difficult to fold viral proteins. Thus, inhib-

iting this stress-responsive signaling pathway is

a promising way to treat cancer and viral infec-

tions (Tardif et al., 2002; Ma and Hendershot,

2004). In contrast, other diseases are linked to

insufficient unfolded protein response signaling.

For example, human amyloid diseases are

caused by certain proteins that are prone to mis-

folding escaping endoplasmic reticulum quality

control and forming toxic clumps outside cells

(Shoulders et al., 2013). The ability to activate

one or more branches of the unfolded protein

response may make it possible to develop new

therapies for these diseases.
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Previous studies have identified several small

molecules that activate or inhibit the IRE1 or

PERK branches of the unfolded protein

response, and these molecules have shown

promise for influencing diverse human diseases

(Papa et al., 2003; Kudo et al., 2008;

Wiseman et al., 2010; Tsaytler et al., 2011;

Wang et al., 2012; Sidrauski et al., 2015;

Robblee et al., 2016). However, very few small

molecules that modulate the ATF6 branch have

been found, partly because little was known

about how this branch is activated.

It is well established that endoplasmic reticu-

lum stress induces the transport of full-length

ATF6 to the Golgi, where it is cut into fragments

by two protease enzymes. The cytosolic frag-

ment containing the active transcription factor

domain of ATF6 then moves to the nucleus and

alters gene expression (Figure 1). The identifica-

tion of small molecules that influence ATF6 acti-

vation has also been hampered by three factors:

the lack of sites on ATF6 that are known to be

able to bind to small molecules; the lack of

structural information about the protein; and the

fact that ATF6 is not readily amenable to bio-

chemical high-throughput screening approaches

(it is a transmembrane protein).

Now, in two papers in eLife, Peter Walter of

the University of California, San Francisco and

co-workers used a cell-based screen to identify a

class of pyrazole amides called the Ceapins as

inhibitors of ATF6 stress-responsive signaling

(Gallagher et al., 2016; Gallagher and Walter,

2016). And in related work, the present authors,

in collaboration with Walter and colleagues,

identified a set of small molecules that activate

ATF6 signaling (Plate et al., 2016).

Walter and co-workers – including Ciara Gal-

lagher as first author – found that Ceapins spe-

cifically block ATF6 signaling in response to

endoplasmic reticulum stress, while not affecting

signaling through the IRE1 and PERK

branches of the unfolded protein response

(Gallagher et al., 2016). Ceapins act upstream

Figure 1. Small molecules modulate protein folding in the endoplasmic reticulum and influence disease. Many

proteins are folded inside a compartment called the endoplasmic reticulum (ER) before being secreted from the

cell. Misfolded proteins in the endoplasmic reticulum activate the stress-sensor protein ATF6, which upregulates

genes that increase the capacity of the endoplasmic reticulum to fold proteins. ATF6 signaling is often active for

extended periods of time in cancer cells and virus-infected cells, which enables these cells to fold large numbers

of proteins needed for the cancer or virus to spread. The Ceapin molecules reported by Gallagher et al. can

inhibit this chronic ATF6 signaling, and make these cells more sensitive to endoplasmic reticulum stress. In our

study, we identified a set of small molecules that activate ATF6 signaling and increase the capacity of the

endoplasmic reticulum to fold proteins in the absence of stress. These molecules can reduce the secretion of

misfolded proteins that are associated with amyloid diseases, and possibly prevent other protein folding diseases.
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of the protease enzymes that cut ATF6, and do

not affect signaling from two similar proteins

that are also targeted by these enzymes.

In an accompanying paper, Gallagher and

Walter used biochemical and cell biology

approaches to demonstrate that Ceapins trap

ATF6 in particular spots in the endoplasmic retic-

ulum that are away from the places where pro-

teins leave this compartment (Gallagher and

Walter, 2016). This arrangement prevents ATF6

from being moved to the Golgi upon stress, thus

preventing the release of the transcription factor

domain. Notably, Ceapins sensitize cells to endo-

plasmic reticulum stress without affecting the

ability of unstressed cells to survive. This indicates

that Ceapins could be used alone or in combina-

tion with other drugs, such as bortezomib, to

induce cell death in certain types of cancer.

In our study, we employed a different cell-

based screening approach to identify a collec-

tion of non-toxic small molecules that preferen-

tially activate the ATF6 branch of the unfolded

protein response, while minimizing activation of

the IRE1 and PERK branches (Plate et al., 2016).

The ability of these small molecules to activate

this branch requires both endogenous ATF6 and

protease activity. Collectively, our results con-

firm that these molecules activate ATF6 through

its normal mechanism in the absence of endo-

plasmic reticulum stress. Moreover, these mole-

cules enhance quality control in the endoplasmic

reticulum to selectively reduce the secretion and

extracellular aggregation of the proteins respon-

sible for amyloid diseases. Therefore, these mol-

ecules could become promising drug leads for

treating amyloid diseases, and potentially other

protein misfolding diseases.

The discovery of the Ceapins and ATF6 activa-

tor compounds – along with the previously known

activators and inhibitors of the PERK and IRE1

pathways – now enables all three branches of the

unfolded protein response to be modulated, at

least in isolated cells. This chemical toolbox offers

the unique opportunity to define the therapeutic

potential of altering unfolded protein response

signaling in a variety of disease models. Future

medicinal chemistry and pharmacology studies

have the potential to provide new drugs that

work by altering ATF6 signaling.
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