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ABSTRACT

Chaperone dependency of cancer cells is an emerging trait that relates to the 
need of transformed cells to cope with the various stresses associated with the 
malignant state. URI1 (unconventional prefoldin RPB5 interactor 1) encodes a 
member of the prefoldin (PFD) family of molecular chaperones that acts as part of a 
heterohexameric PFD complex, the URI1 complex (URI1C), to promote assembly of 
multiprotein complexes involved in cell signaling and transcription processes. Here, 
we report that human colorectal cancer (CRCs) cell lines demonstrate differential 
dependency on URI1 and on the URI1 partner PFD STAP1 for survival, suggesting 
that this differential vulnerability of CRC cells is directly linked to URI1C chaperone 
function. Interestingly, in URI1-dependent CRC cells, URI1 deficiency is associated 
with non-genotoxic p53 activation and p53-dependent apoptosis. URI1-independent 
CRC cells do not exhibit such effects even in the context of wildtype p53. Lastly, in 
tumor xenografts, the conditional depletion of URI1 in URI1-dependent CRC cells was, 
after tumor establishment, associated with severe inhibition of subsequent tumor 
growth and activation of p53 target genes. Thus, a subset of CRC cells has acquired 
a dependency on the URI1 chaperone system for survival, providing an example of 
‘non-oncogene addiction’ and vulnerability for therapeutic targeting.

INTRODUCTION

The progression of normal towards malignant 
tumor cells is invariably associated with increased 
proteotoxic stress perpetrated, in part, by the acquisition 
of genomic abnormalities (e.g. mutations, aneuploidy, 
copy-number variations) and the tumor microenvironment 
(e.g. hypoxia, acidosis). The consequent imbalances 
in protein expression, production of mutant proteins 
and assembly of multiprotein complexes with altered 
molecular composition and subunit stoichiometry creates 
a high demand for molecular chaperone systems to guard 
against protein misfolding, aggregation and promiscuous 
and dysfunctional protein-protein interactions [1]. 
Accordingly, tumor cells exhibit increased dependency 
on molecular chaperone systems for their survival, an 
observation particularly well illustrated in the case of the 
heat-shock protein (HSP) families HSP90 and HSP70 

that are frequently overexpressed in human cancer and 
display marked anti-apoptotic activities and potent tumor-
promoting activities [2].

Prefoldins (PFDs) are members of an evolutionary 
conserved protein family of molecular chaperones with 
roles in de novo protein folding, inhibition of protein 
aggregate formation and assembly of multiprotein 
complexes involved in cell signaling and transcription 
processes [3]. The human genome encodes nine PFDs 
with N- and C-terminal α-helical coiled-coil structures 
connected by either one (β-class PFDs) or two (α-class 
PFDs) β-hairpins that can assemble with an α2β4 subunit 
stoichiometry into hetero-hexameric complexes [4]. Two 
major hexameric PFD complexes have been described 
to date in mammalian cells and include the ‘prefoldin/
GimC’ complex and the prefoldin-like ‘unconventional 
prefoldin RPB5-interactor (URI)1’ complex (URI1C) [5-
7]. Prefoldin/GimC is composed of PFDs 1 to 6. URI1C 
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encompasses the α-class PFDs URI1 and STAP1 (SKP2-
associated alpha PFD [5]; also referred to as UXT [8] 
or ART-27 [9]) and the β-class PFDs PFD2, PFD6 and 
PFD4-related (PFD4r [5]; also referred to as p53 and DNA 
damage-regulated 1 [PDRG1] [10]). It is assumed that in 
the URI1C one member of the β-class PFDs is present in 
two copies to satisfy a α2β4 subunit stoichiometry. Both 
prefoldin/GimC and URI1C subunits cooperate with other 
chaperones and/or co-chaperones including HSP90, 
HSP70 and HSP40, R2TP (Rvb1, Rvb2, Tah1, Pih1) and 
TRiC/CCT to help cells to cope with various stresses and 
in this manner to support the normal operation of a broad 
spectrum of cellular activities [11-14].

URI1 is referred to as an unconventional PFD 
since it is the only member of this family that possesses, 
besides all structural features of an α-class PFD, an 
about 200 amino acid long C-terminal extension [5]. 
This segment harbours specific binding sites for RPB5/
POLR2E (polymerase RNA II DNA-directed polypeptide 
E) [15] and PP1γ (protein phosphatase 1, catalytic subunit, 
gamma isoform) [16] to mediate the assembly of RNA 
polymerases and to increase S6K1 survival signaling, 
respectively. Amplification and/or deregulated expression 
of URI1 has been observed in various cancer contexts 
including ovarian and hepatocellular carcinoma and 
multiple myeloma, supporting the view that URI1 may 
act as a multifaceted modifier of cancer cell proliferation 
and survival [17-22].

Given the structural and functional relationships 
of URI1 with molecular chaperones, we hypothesized 
that in this function, URI1 may help cancer cells to cope 
with the stress associated with oncogenic transformation. 
Accordingly, certain cancer cells may have evolved a 
specific dependency on the URI1 chaperone system 
for their survival. Here, we investigated whether such 
vulnerabilities exist in the context of colorectal cancer 
(CRC) cells.

RESULTS

Differential requirement of URI1 function for 
survival of CRC cell lines

To assess whether URI1 is amplified or not in human 
CRC cell lines, we analyzed copy number variation (CNV) 
data of URI1 in the cancer cell line encyclopedia (CCLE, 
http://www.broadinstitute.org/ccle/home). This analysis 
revealed a lack of amplification of the URI1 locus in CRC 
cell lines (Supplementary Table S1). This observation 
also extended to human CRC samples represented in The 
Cancer Genome Atlas of the TCGA Research Network 
(GISTIC results accessed through Tumorscape; http://
www.broadinstitute.org/tumorscape) (Supplementary Table 
S2). A similar analysis performed for the gene encoding 
STAP1, the α-class PFD partner of URI1, revealed also no 
evidence of amplification in human CRC (data not shown).

In the absence of any indication of URI1 
amplification in human CRC, we assessed the effects of 
URI1 depletion on cell survival in a panel of 14 CRC cell 
lines with different mutational background and varying 
levels of URI1 protein and mRNA expression (Figure 1A 
and 1B). This cell line panel was infected independently 
with two specific shRNAs targeting URI1 [shURI1(1) 
and shURI1(2)] and the extent of apoptosis quantified by 
flow cytometry using combined Annexin V / propidium-
iodide (PI) staining. Figure 1C illustrates the differential 
effects of URI1 depletion in four CRC cell lines. While 
RKO(mut) and VACO(wt) were highly dependent on 
URI1 function for their survival, HCT15 and Lovo were 
not. URI1 depletion also reduced colony formation of 
RKO(mut) and VACO(wt), but not of HCT15 and Lovo 
cells (Figure 1D). Analysis of the apoptotic responses to 
URI1 depletion in 10 additional CRC cell lines revealed 
that some cell lines display no or low, some moderate 
and yet other high dependency on URI1 for their survival 
(Supplementary Figure S1A). Thereafter, we refer to these 
distinct groups as URI1-independent (red bars) and URI1-
dependent (green bars) CRC cell lines (Figure 1E). To 
corroborate that this differential vulnerability of certain 
CRC cells is not the result of insufficient downregulation 
of URI1 in URI1-independent cells, we combined shRNAs 
and siRNAs targeting URI1. The latter combination was 
highly efficient in depleting URI1 in the URI-independent 
cell line Co115 as evidenced by immunoblotting 
(Supplementary Figure S1C). Importantly, this treatment 
did not significantly increase cell death (Supplementary 
Figure S1B), indicating that URI1-dependency is not the 
result of an inefficient depletion but rather an intrinsic 
property of certain CRC cells.

The Achilles data portal catalogs results from 
genome-scale interrogation of gene function using pooled 
lentiviral shRNAs across hundreds of cancer cell lines 
(http://www.broadinstitute.org/achilles) [23]. A search for 
PFD genes and their impact on CRC cell lines revealed 
data only for URI1 and PFD1 in 20 CRC cells lines, of 
which 8 were also in our cell line panel. Intriguingly, 
across these 20 CRC cell lines, some cell lines 
demonstrated no or low, some moderate and yet other high 
dependency on URI1 for their survival (Figure 1F) thus 
corroborating our findings of the existence of a differential 
requirement for URI1 for CRC cell survival. The results 
of knockdowns of PFD1 by two distinct shRNA pools 
provided in the Achilles data portal show pattern of 
dependency for survival distinct to URI1. We note that 
ample biochemical evidence suggest that PFD1 is not part 
of the URI1 complex [4-7]. Data on other components 
of the URI1C are currently not contained in the Achilles 
database. To extend this analysis, we asked next whether 
the URI1 survival dependency pattern identified correlates 
with genes that represent signaling network components to 
which URI1 has been previously functionally connected. 
This includes the PI3K-mTORC-S6K pathway [16] and 
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Figure 1: Differential requirement of URI1 function for the survival of CRC cell lines. A. Representative immunoblot 
showing URI1 expression in a panel of 14 CRC cell lines (n=2). β-actin served as loading control. B. mRNA expression of URI1 across 
the same panel of CRC cell lines as in (A). by quantitative RT-PCR (qPCR). Data were normalized to TBP and GAPDH, and Colo205 
URI1 mRNA levels were used as arbitrary reference sample (set to 1.0). Data are shown as means of three biological replicates, ± SD. 
C. Left panel: Immunoblots for URI1 in indicated CRC cell lines after targeting URI1 with two different shRNAs or a control shRNA. 
Total ERK1/2 served as loading control. Right panel: Representative apoptosis measurements of cells described in the left panel using 
Annexin V-GFP and propidium iodide (PI) double-staining (n=3). D. Representative clonogenic assays of cells described in (C; left panel) 
(n=3). E. Quantification of apoptotic responses in indicated CRC cells upon shURI1(2)-mediated URI1 depletion. Green and red denote 
URI1-dependent and -independent CRC cell lines, respectively. Error bars represent SD of three independent experiments taken from 
Supplementary Figure 1A. F. Achilles database: sensitivity of colorectal cancer cell lines to URI1 and PFDN1 shRNAs. PFDN1 #1 and #2 
denote the two significant shRNA sets identified by the ATARiS algorithm for PFDN1. Dotted lines represent a two-fold change.
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the R2TP complex important for the assembly of RNA 
polymerases and PI3K-related protein kinases [5, 11, 12]. 
To this end, we established a list of representative genes 
corresponding to each of these networks (Supplementary 
Table S3). Among these selected genes, those contained 
in the Achilles database were used to compute the 
correlation in sensitivity with respect to URI1 across 20 
CRC cell lines but, following adjustment for multiple 
hypothesis testing, none reached statistical significance 
(Supplementary Figure S1D). We note however a trend 
that the sensitivity of CRC cell lines to shRNAs targeting 
the PI3K-mTORC-S6K axis is inversely correlated to 
URI1 sensitivity (Supplementary Figure S1D). Finally, 
we explored whether known frequent genomic alterations 
in CRC correlate with URI1 sensitivity. By taking the 
8 most frequently mutated genes in CRC (derived from 
The Cancer Genome Atlas Network [24]), we performed 
a computational analysis and found that, of these, KRAS, 
TP53, and FBXW7 displayed the largest differences in 
mutation frequency between URI1-sensitive and URI1-
insensitive cell lines (Supplementary Figure S1E). Neither 
of these differences were statistically significant after 
adjustments for multiple hypothesis testing (Fisher exact 
test with pFDR correction). Interestingly however, KRAS 
mutations, when restricted to the G12 or G13 positions, 
were found in 7 out 9 URI1-insensitive CRC cell lines but 
only in 2 out of 12 URI1-sensitive cell lines (pFDR value 
of 0.0644). This result may possibly imply that URI1 
sensitivity is dependent on KRAS status in CRCs.

URI1-dependent CRC cell lines are also 
dependent on the α-class PFD STAP1

Next we explored whether URI1’s requirement for 
cell survival of a subset of CRC cell lines relates to its role 
as a component of the ‘prefoldin-like’ URI1C. To assess 
this, we also depleted URI1’s direct α-PFD binding partner 
STAP1 with two specific shRNAs [shSTAP1(1) and 
shSTAP1(2)] in CRC cells (Supplementary Figure S2A). 
As exemplified in Figure 2A, only the URI1-dependent 
cell line RKO(mut), but not the URI1-independent cell line 
Lovo, underwent cell death upon STAP1-depletion and 
also failed in colony formation (Figure 2B). Furthermore, 
across the panel of 14 CRC cell lines, cell death provoked 
by STAP1 depletion with two distinct shRNAs mirrored 
that of URI1 depletion (Figure 2C and 2D, Supplementary 
Figure S2B and S2C). At the biochemical level, depletion 
of STAP1 was paralled by loss of endogenous URI1 
protein and vice versa (Figure 2E), suggesting that STAP1 
and URI1 are reciprocally required for each other’s protein 
expression. In line with this observation, the extent of 
cell death in RKO(mut) cells observed upon combined 
depletion of URI1 and STAP1 was similar to the extent of 
cell death observed upon depletion of URI1 alone (Figure 
2F). That URI1 and STAP1 act as part of the URI1C to 
mediate survival of a subset of CRC cell lines suggests that 

certain cancer cells have evolved a specific dependency on 
this class of molecular chaperone complexes.

URI1 suppresses p53 activation in URI1-
dependent CRC cells

Among frequent genetic alterations interfering 
with apoptosis in human cancers including CRCs are 
mutations in the p53 tumor suppressor [24]. p53 is 
activated in response to a broad range of extrinsic and 
cell intrinsic stress signals to halt cell cycle progression 
and induce cell death [25]. Hence, we tested whether p53 
is differentially activated in URI1-dependent RKO(mut) 
and VACO(wt) and URI1-independent Co115 and Lovo 
cells. These four cell lines are known to express wild-type 
p53. The functionality of the p53 pathway in these cells 
was experimentally confirmed by treatment with the DNA 
damaging agent etoposide. As shown in Supplementary 
Figure S3A, etoposide induced p53 protein expression in 
p53 wildtype CRC cells and concommitantly, known p53 
target genes including PUMA, NOXA and CDKN1A were 
activated. No such response was seen in two p53-defective 
cell lines HT29 and LS411N [26] (Supplementary Figure 
S3A) (http://www.broadinstitute.org/ccle/home).

Depletion of URI1 in the four p53 wildtype CRC cell 
lines mentioned above resulted in a profound accumulation 
of p53 in URI1-dependent but not -independent cell 
lines (Figure 3A and 3B). This effect and the associated 
apoptosis were both abolished by concurrent lentivirus-
mediated re-expression of a URI1 cDNA harboring silent 
mutations (referred to as URI1CO) that enable escape 
from URI1-targeting shRNAs (Figure 3C). Moreover, 
URI1 depletion-induced p53 accumulation was the 
result of an increase in p53 protein stability as evidenced 
by cycloheximide-chase experiments (Supplementary 
Figure S3B). Importantly, in those CRC cells, in which 
URI1 depletion caused p53 activation, it also induced 
cell death in a p53-dependent manner as evidenced by the 
fact that the simultaneous downregulation of URI1 and 
p53 suppressed, to a significant extent, albeit not fully, 
cell death (Figure 3D and 3E). Similarly, we observed 
in these samples also induction of p21, downregulation 
of MDM2 and activation of p53 target genes, responses 
that were abolished by the simultaneous depletion of 
p53 (Figure 3D and 3E, Supplementary Figure S3C). 
Hence, p53 activation and p53-dependent cell death are 
specific consequences of impaired URI1 function in URI1-
dependent CRC cell lines.

Activation of p53 through disrupted URI1 
function precedes DNA damage

To examine whether p53 activation is a consequence 
of URI1 depletion-induced DNA damage or not, we 
assessed phosphorylation of histone H2AX at S139 
(referred to as γH2AX), a well-established read-out 
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Figure 2: URI1-dependent CRC cells are also dependent on the α-class PFD STAP1. A. Representative apoptosis 
measurements of indicated CRC cells by Annexin V-GFP and propidium iodide double-staining after targeting STAP1 with two different 
shRNAs or control shRNA (n=3). B. Representative clonogenic assays of cells described in (A) (n=3). C. Quantification of apoptotic 
responses in indicated CRC cells upon shSTAP1(1)-mediated STAP1 depletion. Apoptosis increase relative to shCtrl following shRNA-
mediated STAP1-depletion is displayed. Data are means of three biological replicates taken from Supplementary Figure S2B, ± SD. D. 
Relative levels of apoptosis induced by URI1 or STAP1 depletion in a panel of 14 CRC cell lines. Each cell line is represented by a pair of 
data points reflecting the two shRNAs used against each gene. E. Immunoblots for indicated proteins after expression of shRNAs targeting 
URI1, STAP1 or both. F. Apoptotic response measurements by Annexin V-GFP/PI co-staining in cells corresponding to E. Data are shown 
as means of three biological replicates, ± SD.
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Figure 5: URI1 is required for tumor growth of URI1-dependent CRC cells after tumor establishment. A. Mean tumor 
volume measurements of mice xenografted in both flanks with RKO(mut) cell line pools containing dox-inducible shURI1(2), as indicated. 
The arrow marks the start of feeding dox-containing chow to mice. n=8-10 flanks per group, error bars represent ± SEM, ***P ≤ 0.001.  
B. Mean tumor mass of explanted tumors, ± SEM, **P = 0.0025 C. A corresponding representative set of pictures of mice. D. qPCR analysis 
of tumors to assess URI1-kd efficiency and induction of the p53 target gene NOXA, n=4 tumors per group, mean values ± SD, ****P < 
0.0001, **P = 0.0013. Values are normalized to geometric mean (geNorm) of TBP and 18S and shURI1(2) –dox (arbitrarily set as 1.0).


