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Abstract We have identified a particularly clear case of com-
pensatory transcriptional regulation among ER chaperones in
Caenorhabditis elegans using a GFP reporter transgene that is
under the control of the promoter of hsp-4, a C. elegans homolog
of GRP-78/BiP. Knockdown by RNA interference of 9 known or
predicted ER chaperones induced hsp-4 upregulation via the ire-
1/xbp-1 signaling cascade employed in the unfolded protein re-
sponse. We show that this compensatory regulation is specific
for ER chaperones, not dependent on RNA interference, and re-
quired for maintaining viability in worms containing a deletion of
the hsp-3 gene.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The determination of gene function by classical genetic ap-

proaches is currently being extended by ‘‘reverse’’ genetic ap-

proaches such as construction of genome wide deletion

libraries [1–3] or high throughput RNA interference screens

[4–6]. All of these approaches can be confounded by genetic

redundancy or compensatory regulation, which can obscure

phenotypic changes resulting from loss of specific gene func-

tion. Similarly, many mouse knock-out models have had sur-

prisingly minimal phenotypes [7,8], presumably due to

compensatory gene expression changes. The molecular mecha-

nisms underlying these predicted compensatory changes have

often remained unidentified.

RNA interference (RNAi) has become a particularly power-

ful tool for studies in Caenorhabditis elegans, as the develop-

ment of genome wide ‘‘feeding libraries’’ has allowed high

throughput gene inactivation studies based on propagating

C. elegans worms on Escherichia coli clones engineered to ex-

press dsRNA that corresponds to specific C. elegans genes

[7,9,10]. We have previously reported the use of feeding RNAi

to investigate the role of chaperone proteins in the toxicity of

the human b amyloid peptide (Ab) in a transgenic C. elegans

Alzheimer�s disease model [11]. In these studies, co-immuno-
Abbreviations: ER, endoplasmic reticulum; GFP, green fluorescent
protein; UPR, unfolded protein response
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precipitation followed by mass spectrometry was used to dem-

onstrate interaction between intracellular Ab and a number of

endogenous chaperone proteins, including HSP-1 (a cytoplas-

mic HSP70), HSP-16 (an aB-crystallin homolog), and HSP-3

(homologous to endoplasmic reticulum (ER) HSP70 GRP78/

BiP). By analogy to other studies demonstrating a protective

effect of HSP70 with respect to toxic protein aggregates [12],

we anticipated RNAi knockdown of HSP-3 would exacerbate

Ab toxicity in this model. When we failed to observe the ex-

pected enhancement of Ab toxicity, we investigated whether

a change in the expression of hsp-4 (the second GRP78/BiP

homolog in C. elegans) might compensate for loss of hsp-3

function. In addition to their sequence similarity, hsp-3 and

hsp-4 are both upregulated in response to ER stress, and con-

tain similar upstream regulatory elements [13]. Here, we show

that compensatory upregulation of hsp-4 does in fact occur in

response to loss of function of either hsp-3 or a number of

other ER-resident chaperones, and this compensatory gene

expression depends upon the unfolded protein response

(UPR) regulatory system.
2. Materials and methods

2.1. Strains
The following C. elegans strains were used in this study: SJ4005

(zcIs4[hsp-4::GFP] V), SJ17 (xbp-1(zc12) III; zcIs4 V), SJ30 (ire-
1(zc14) II; zcIs4 V), RB1104 (hsp-3(ok1083) X) and CL684
(zcIs4[hsp-4::GFP] V; hsp-3(ok1083) X). The zcIs4 reporter transgene
is inserted into chromosome V, and thus is unlinked to the endogenous
hsp-4 gene (on chromosome II).

2.2. RNAi
All E. coli RNAi feeding clones were from the Ahringer genome-

wide library purchased from MRC Geneservice. Lists of C. elegans
candidate chaperone proteins were generated by identifying all genes
in Wormbase (http://www.wormbase.org) encoding proteins with the
following Pfam domains: PF00012 (HSP70 protein), PF00011
(Hsp20/alpha crystallin family), PF00226 (DnaJ domain), PF00183
(HSP90 protein), or PF00118 (TCP-1/cpn60 chaperonin family). Genes
encoding candidate ER-resident proteins were selected by identifying
all genes encoding proteins with INTERPRO domain IPR000886,
which encodes predicted ER targeting signals, and additional
chaperone-related genes (e.g., bag-1, prefoldin homolog C55B7.5) were
identified based on Wormbase annotations. These lists were cross-ref-
erenced with the Ahringer RNAi clone list, yielding 87 RNAi clones
encoding putative chaperone and/or ER-resident proteins. (The Ahrin-
ger library contains RNAi clones for �86% of all identified C. elegans
genes, so clones were not recovered for every candidate gene.) Nema-
tode Growth Media plates were spotted with E. coli RNAi clones as
described [14]. To assay the effect of RNAi clones on expression of
the hsp-4::GFP reporter transgene, RNAi plates were seeded with first
larval stage zcIs4 worms and incubated at 20 �C for 3–4 days, and then
scored at the fourth larval or young adult stage.
blished by Elsevier B.V. All rights reserved.
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2.3. Microscopy
Induction of the hsp-4::GFP reporter transgene was initially assayed

by examining RNAi plates with a Leica MZ12 epifluorescence dissect-
ing microscope. Worms of interest were subsequently imaged using a
Zeiss Axioskop microscope equipped with a digital image acquisition
system (Intelligent Imaging Innovations).

2.4. Fluorescence quantitation
Overall GFP fluorescence of RNAi-treated populations was assayed

using a Tecan GENios microplate reader. Fifty young adult animals
were recovered by hand from RNAi plates and transferred in 50 ll
of S buffer [15] to a well of a 96-well microtiter plate (clear, flat bottom
wells), and total GFP fluorescence was measured using 485 nm excita-
tion and 535 nm emission filters. Triplicate populations were used for
each determination and background signals (determined by assaying
populations of wild-type C. elegans animals in parallel) were sub-
tracted prior to calculating average relative fluorescence.

2.5. Quantitative RT-PCR
Specific C. elegans transcript levels were determined as previously

described [16], using an ABI Prism 7000 real-time PCR machine (Ap-
plied Biosystems). hsp-3 and hsp-4 transcript levels were normalized to
the levels of ama-1, the sole RNA polymerase II in C. elegans, and the
normalized levels for zcIs4 animals exposed to hsp-3 and vector-only
RNAi were compared. The specific primer pairs used were: hsp-3 –
GGATAAGGGAACCGGAAACAA (f), TGATCATGCGCTC-
GATGTCT (r); hsp-4 – GCAGATGATCAAGCCCAAAAAG (f),
GCGATTTGAGTTTTCATCTGATAGG (r); ama-1 – GCGGTCA-
GAAAGGCTATCGA (f), AGCAGTGCCAAATGTCGGTAAT (r).
3. Results

To examine hsp-4 expression, we made use of a transgenic C.

elegans strain (SJ4005) that is homozygous for a reporter

transgene (zcIs4) integrated into chromosome V. The zcIs4

transgene consists of a transcriptional fusion of the hsp-4 pro-

moter to green fluorescent protein (GFP) [17]. The hsp-4 gene

has previously been shown to be transcriptionally upregulated

in response to treatments inducing ER stress [13], and as ex-

pected, the zcIs4 reporter is also strongly upregulated in re-

sponse to treatments that induce ER stress [17]. As shown in
Fig. 1. hsp-3 RNAi induces hsp-4::GFP reporter. (A) Adult zcIs4 (hsp-4::GF
Note induction of GFP expression by hsp-3 RNAi, particularly in the intes
Microplate reader determination of overall fluorescence of hsp-3 and control
Fig. 1A, inhibition of hsp-3 expression by exposure of the zcIs4

strain to a feeding RNAi strain targeting hsp-3 leads to a

strong increase in GFP expression in comparison to control

RNAi treatment, reflecting an upregulation of the hsp-4 gene.

Quantification of fluorescence levels indicates an approxi-

mately 10-fold increase in hsp-4::GFP reporter expression as

the result of RNA interference of hsp-3 (Fig. 1B). This increase

in GFP is not due to effects on the stability of the GFP protein

itself, as other unrelated GFP transgenes do not show in-

creased expression (data not shown). Quantitative RT-PCR

(using gene-specific probes) performed on zcIs4 animals simi-

larly exposed to hsp-3 RNAi revealed an �2-fold decrease in

endogenous hsp-3 mRNA (0.48-fold control RNAi treatment,

range +0.13, �0.11) accompanied by a �6-fold increase in

endogenous hsp-4 mRNA (6.19-fold control RNAi treatment,

range +1.99, �1.51). These results demonstrate that hsp-3 feed-

ing RNAi does knockdown endogenous hsp-3 mRNA, and the

increase in reporter GFP does reflect endogenous hsp-4

transcription.

To determine the generality of this compensatory regulation,

we tested the response of the zcIs4 transgene to RNA inhibi-

tion of genes encoding other chaperone and ER resident pro-

teins. We identified 87 known or predicted chaperone and/or

ER-resident proteins represented in the Ahringer genome-wide

RNAi library (see Supplementary table). All of these clones

were tested for their ability to induce the zcIs4 reporter trans-

gene, and eight additional genes were identified whose RNAi

knockdown reproducibly caused induction (see Table 1). Seven

of these genes encode likely ER-resident proteins, based on the

presence of ER retention motifs in their C-termini. Among

these inducer RNAi clones was hsp-4 itself, indicating an aut-

oregulatory loop for hsp-4 expression. Interestingly, no effect

on zcIs4 reporter induction was observed for any of the cyto-

plasmic HSP70, DNAJ, aB-crystallin, or chaperonin family

RNAi clones tested.

The strong bias for ER-associated inducer genes suggested

that the compensatory regulation of hsp-4 might occur via

the same regulatory mechanism underlying UPR. We therefore
P) animals propagated on control (L4440 vector only) or hsp-3 RNAi.
tine and spermatheca (digitally fused DIC/epifluorescence image). (B)
RNAi-treated zcIs4 populations. Error bars represent S.E. of the mean.



Table 1
RNAi clones that reproducibly induce the hsp-4::GFP reporter
transgene

Gene ID Gene name Description C-terminal
sequence

C15H9.6 hsp-3 GRP78/BiP (HSP70) KDEL
F43E2.8 hsp-4 GRP78/BiP (HSP70) HDEL
F54C9.2 stc-1 STCH (HSP70) ISEL
T05E11.3 GRP94 (HSP90) HSEL
K11D9.2 sca-1 SERCA Ca2+ channel HNEL
Y38A10A.5 crt-1 Calreticulin HDEL
C55B6.2 dnj-7 P58(IPK) (DNAJ) FNWG
W10G11.19 RDEL
F58G1.4 HEEL
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tested the response of the zcIs4 transgene to the nine inducer

RNAi clones in genetic backgrounds containing loss-of-func-

tion mutations in ire-1 or xbp-1, two genes directly involved

in the transcriptional response to tunicamycin-induced ER

stress [13,17]. Both ire-1(zc14) and xbp-1(zc12) mutations sup-

pressed the induction of zcIs4 by all of the inducer clones, indi-

cating that in all cases the compensatory upregulation of hsp-4

occurred through the UPR pathway.

To exclude the possibility that the RNAi process itself might

influence induction of the hsp-4::GFP reporter, we asked

whether similar compensatory regulation would occur after

genetic inactivation of an inducer gene. The deletion allele

hsp-3(ok1083) was introduced into the zcIs4 strain by classic

genetic mating, and a strong induction of the GFP reporter

was observed in the resulting strain homozygous for both the

hsp-3(ok1083) deletion and the zcIs4 reporter gene (see Fig.

2A). Quantification of this induction (Fig. 2B) indicated that

deletion of the hsp-3 gene resulted in an approximately 30-fold

increase in hsp-4::GFP reporter expression. (The observation

that genetic deletion of hsp-3 induces the hsp-4::GFP reporter
Fig. 2. Induction of hsp-4::GFP by hsp-3 loss-of-function mutation requires
reporter background leads to strong GFP induction (compare central worm
dramatically reduces fluorescence (compare left worm to central one). Note
animal. (B) Microplate reader determination of overall fluorescence resulti
standard error of the mean.
more strongly than hsp-3 RNAi is consistent with the quanti-

tative RT-PCR data showing this RNAi treatment does not

completely abolish hsp-3 function.) RNA interference of ire-1

or xbp-1 suppressed this induction of the zcIs4 reporter, again

illustrating the specific involvement of UPR regulatory cas-

cade. This induction was not detectably suppressed by RNAi

against other regulators of the UPR (ATF6, PERK), or

against the sole known heat shock transcription factor in

C. elegans, hsf-1.

Surprisingly, the zcIs4; hsp-3(ok1083) double homozygous

strain also showed significant phenotypic sensitivity to ire-1

or xbp-1 RNAi treatments, with ire-1 RNAi causing sterility

and xbp-1 RNAi resulting in larval arrest (Fig. 2A). In both

our experiments and published studies [4,10,18,19] neither of

these RNAi treatments caused obvious deleterious effects in

wild-type animals. These synthetic deleterious interactions also

occurred with the single hsp-3(ok1083) homozygous mutant

(Fig. 3), but not with the zcIs4 reporter strain. Similar severe

developmental effects were observed in the converse experi-

ment, when strains containing ire-1(zc14) or xbp-1(zc12) were

treated with hsp-3 RNAi. These results indicate that in the ab-

sence of ire-1/xbp-1-dependent compensatory regulation, hsp-3

is effectively an essential gene.
4. Discussion

We have found that RNA interference of at least 9 genes

can lead to the upregulation of an hsp-4/GFP reporter trans-

gene. For all of these gene inactivations, the induction of the

hsp-4 GFP reporter depends upon the ire-1/xbp-1 signaling

pathway involved in the regulation of the UPR. The induc-

tion of hsp-4 by hsp-3 RNAi is probably the clearest example

of a direct compensatory regulation, given that hsp-3 and

hsp-4 encode GRP78/BiP family chaperones with presumably
xbp-1 activity. (A) Introduction of a hsp-3 deletion allele into the zcIs4
to one on right). Exposure of zcIs4; hsp-3(ok1083) to xbp-1 RNAi

retarded development of the xbp-1 RNAi treated zcIs4; hsp-3(ok1083)
ng from hsp-3 RNAi or hsp-3 genetic deletion. Error bars represent



Fig. 3. hsp-3 is essential for normal development in the absence of xbp-1-dependent compensatory regulation. hsp-3(ok1083) worms propagated from
eggs for 4 days on control (panel A) or xbp-1 (panel B) RNAi.
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very similar functions. Our demonstration that an hsp-3 dele-

tion mutant is inviable in the absence of ire-1/xbp-1 signaling

illustrates the importance of this compensatory regulation in

maintaining homeostasis of ER chaperone capacity, even in

the absence of an exogenous ER stress. A similar observa-

tion has been made in yeast, where the viability of LHS1

(an ER-localized HSP70-related protein) null mutants de-

pends on IRE1 function [20]. Our results also demonstrate

the compartment specificity of this regulation, as hsp-4 was

not upregulated in response to RNA interference of any

cytoplasmic chaperone protein tested. Mitochondrial chaper-

ones hsp-6 and hsp-60 have similarly been shown to be

upregulated specifically in response to mitochondrial insults

[21].

The hsp-4/GFP transgene is also induced in response to

RNAi knockdown of two other putative ER chaperones,

T05E11.3 (likely ortholog of GRP94/endoplasmin) and stc-1

(homologous to mammalian STCH). Two inducer RNAi

clones, W10G11.19 and F58G1.4, encode novel proteins con-

taining predicted ER retention signals. Although these pro-

teins lack informative homologies, our results suggest these

proteins may have chaperone functions in the ER. RNAi of

all these genes can also cause larval arrest or growth deficits

[4,9,22], indicating that these genes have important functions

not effectively compensated by the UPR.

Only one inducer RNAi clone, encoding the DnaJ domain-

containing protein DNJ-7, lacked an apparent C-terminal ER

retention signal (see Table 1). However, DNJ-7 does contain a

predicted signal peptide and N-terminal transmembrane do-

main, suggesting that this is a type I ER protein with a cytoplas-

mic C terminus. The dnj-7 gene encodes the likely ortholog of

mammalian p58IPK, a protein originally identified as an inhibi-

tor of the double stranded RNA-activated protein kinase PKR

[23], and subsequently shown to function as a negative regulator

of the PKR-like ER kinase (PERK) [24]. Although p58IPK

silencing by p58IPK siRNA in HEK-293 cells has been reported

to have no effect on GRP78/BiP mRNA levels [25], our results

support a role for p58IPK in the attenuation of both the transla-

tional and transcriptional components of the UPR.
RNA interference of crt-1 [26] and sca-1 [27], the C. ele-

gans orthologs of calreticulin and the SERCA Ca2+ pump,

respectively, also result in hsp-4 upregulation. Loss of func-

tion of these ER resident proteins would be expected to

perturb ER calcium homeostasis. The induction of hsp-4

by crt-1 or sca-1 RNAi is not surprising, given that thapsi-

gargin, a known inducer of UPR, acts by perturbing ER cal-

cium stores [28]. Loss of function mutations of crt-1 have

been shown to suppress neurodegeneration induced by dom-

inant channel-activating mutations in members of the C. ele-

gans degenerin family, such as mec-4(d) [29]. These studies

demonstrated that crt-1 mutations also reduce the expression

of a mec-4::GFP translational fusion reporter construct,

implying that these mutations suppress degeneration at least

partially by reducing the expression of the toxic channel

proteins. Our results suggest that this reduction in expres-

sion might result from a compensatory upregulation of

hsp-4 or other ER chaperones, leading to increased turnover

of mutant channel proteins via ER-associated protein degra-

dation (ERAD).

The nine genes identified in this study represent a minimal

set of genes whose inactivation can lead to hsp-4 upregulation.

Although our RNAi treatments typically reproduced previ-

ously reported phenotypes, we do not know the effectiveness

of each individual RNAi clone, and thus some hsp-4-inducing

genes might have been missed. In addition, some chaperone

genes (e.g., daf-21, an HSP90 homolog) are not represented

in the Ahringer library, and inactivation of other classes of

genes not tested might also lead to hsp-4 upregulation. Urano

and colleagues [30] have shown that RNA interference of abu-1

also results in induction of the zcIs4 reporter. The abu-1 gene a

member of a family of small, glutamine and asparagine-rich

genes of unknown function that are upregulated in response

to ER stress in xbp-1 mutant animals. Thus, while we have

not exhaustively determined all gene inactivations that lead

to hsp-4 induction, we have shown that RNAi knockdown of

a specific set of ER-resident genes clearly leads to hsp-4 tran-

scriptional upregulation. We have not been able to address

possible additional translational regulation of ER chaperones
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due the unavailability of specific antibodies against these

proteins.

Although it is widely recognized that interpretation of the

results of large-scale gene inactivation studies may be com-

plicated by genetic redundancy and compensatory regula-

tion, specific phenotypes are routinely interpreted as

resulting directly from loss of function of the targeted gene.

We have identified a specific instance of compensatory regu-

lation in C. elegans and illustrated how this might lead to

misleading interpretation of an RNAi phenotype. Although

we do not know how readily our observations with chaper-

one-related proteins can be extrapolated to RNAi screens in

general, we note that some unexpected results from C. ele-

gans RNAi screens could be explained by some forms of

compensatory regulation. For example, high throughput

RNAi screens have identified a large number of mitochon-

drial proteins whose inhibition results in increased longevity

[31,32]. It is possible that these observed lifespan increases

are not due to reduced mitochondrial function per se, but in-

stead result from gene expression changes compensating for

reduced mitochondrial function. In another instance, genes

involved in both protein degradation (e.g., proteasomal sub-

units) and protein synthesis (e.g., ribosomal subunits) were

identified in a genome-wide screen for RNAi treatments that

enhanced aggregation of a polyglutamine repeat-GFP fusion

protein [33]. This seemingly paradoxical result suggests that

in the case of RNA interference of genes involved in protein

synthesis, it may be the subsequent compensatory physiolog-

ical changes that actually lead to increased aggregation of

the reporter protein.
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