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E3 ubiquitin ligase Cullin-5 modulates multiple
molecular and cellular responses to heat shock protein
90 inhibition in human cancer cells
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The molecular chaperone heat shock protein 90 (HSP90) is required
for the activity and stability of its client proteins. Pharmacologic
inhibition of HSP90 leads to the ubiquitin-mediated degradation of
clients, particularly activated or mutant oncogenic protein kinases.
Client ubiquitination occurs via the action of one or more E3
ubiquitin ligases. We sought to identify the role of Cullin-RING fam-
ily E3 ubiquitin ligases in the cellular response to HSP90 inhibition.
Through a focused siRNA screen of 28 Cullin-RING ligase family
members, we found that CUL5 and RBX2 were required for degra-
dation of several HSP90 clients upon treatment of human cancer
cells with the clinical HSP90 inhibitor 17-AAG. Surprisingly, silencing
Cullin-5 (CUL5) also delayed the earlier loss of HSP90 client protein
activity at the same time as delaying cochaperone dissociation from
inhibited HSP90-client complexes. Expression of a dominant-nega-
tive CUL5 showed that NEDD8 conjugation of CULS5 is required for
client degradation but not for loss of client activity or recruitment of
clients and HSP90 to CULS. Silencing CULS5 reduced cellular sensitiv-
ity to three distinct HSP90 inhibitors, across four cancer types driven
by different protein kinases. Our results reveal the importance of
CULS5 in multiple aspects of the cellular response to HSP90 inhibition.
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eat shock protein 90 (HSP90) is a molecular chaperone that

facilitates the stabilization and activation of around 350
client proteins (see www.picard.ch/downloads/Hsp90interactors.
pdf for an updated client protein list) (1). As well as being in-
volved in a wide range of normal cellular processes, many HSP90
clients are oncogenic kinases that are hyperactivated by mutation
or amplified/overexpressed in malignancies (2, 3). HSP90-
mediated activation and stabilization of client proteins requires
an ATP-driven chaperone cycle regulated by a number of cocha-
perones (4, 5). Pharmacologic inhibition of HSP90 disrupts this
cycle and leads to the ubiquitin-mediated proteasomal degra-
dation of client proteins (3, 6, 7).

The proposed model is that clients are ubiquitinated and thus
targeted to the proteasome by the action of one or more E3
ubiquitin ligases (8). Some evidence suggests that the U box-
containing ligase CHIP is involved in the degradation of certain
HSP90 clients (9, 10). However, the stability of })rotein kinase
clients such as ERBB2 is not increased in CHIP™'~ cells treated
with the first-in-class pharmacologic HSP90 inhibitor 17-allylamino-
17-demethoxygeldanamycin [17-AAG, tanespimycin (11)] (10),
suggesting that other E3 ubiquitin ligases are also involved.

One study showed that the Cullin-RING ligase Cullin-5
(CULS) is recruited to HSP90-containing complexes and is in-
volved in the ubiquitination and degradation of the client
ERBB?2 following HSP90 inhibition (12). Cullin-RING ligases
function as modular, multisubunit complexes that consist of a
Cullin scaffold, a RING-H2 finger protein, a substrate-recognition
subunit, and, in most cases, an adaptor that links the Cullin to
the substrate recognition subunit (13, 14). In the case of CULS,
functional complexes consist of RBX2, Elongin-B, Elongin-C, and
a SOCS-containing substrate receptor.
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Given the link between CULS and the HSP90 inhibitor-
induced degradation of ERBB2 (12), we have investigated the
role of Cullin-RING ligases with respect to HSP90’s protein kinase
clients in human cancer cell lines. Our initial focused siRNA
screen of 28 Cullin-RING ligase family members identified five
genes, including CULS, that were required for ERBB2 degra-
dation following treatment with 17-AAG—which we use here as
a representative HSP90 inhibitor and chemical tool to promote
client protein turnover. We go on to show for the first time to our
knowledge that RNAI silencing of CULS reduces the 17-AAG-
induced degradation of four other structurally diverse protein
kinase clients in addition to ERBB2. As well as reducing client
ubiquitination, we were surprised to find that silencing CULS
also delayed the much earlier loss of client activity upon HSP90
inhibition. This delayed loss of client activity correlated with the
delay induced by CULS knockdown in cochaperone dissociation
from inhibited HSP90—client protein complexes. A mutant CULS
that cannot be neddylated impaired 17-AAG-induced client pro-
tein kinase degradation but did not affect loss of client activity
or recruitment of clients and HSP90 to CULS. Finally, silencing
CULS decreased sensitivity to HSP90 inhibitors in cell lines en-
compassing four cancer types driven by five different oncogenic
protein kinase clients of HSP90. We therefore conclude that
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CULS plays an important role in multiple aspects of the molecular
and cellular response to HSP90 inhibition.

Results

A Focused siRNA Screen Identifies Five Cullin-RING Ligase Family Genes
Involved in ERBB2 Degradation Upon HSP90 Inhibition. To investigate
the extent of Cullin-RING ligase involvement in client protein
degradation, 28 representative members of the family were chosen
as candidates to silence and test for their effect on ERBB2 de-
pletion following HSP90 inhibition. Three different siRNA oli-
gonucleotides were used individually for each gene to minimize
false positives or false negatives due to off-target effects (see
Table S1 for full list of siRNA sequences used). ERBB2 levels
then were quantified by immunoassay (15).

Fig. 1 shows the effects on ERBB2 protein levels of treating
HT29 human colon cancer cells for 48 h with each siRNA fol-
lowed by 24 h exposure to 17-AAG or DMSO control (the mean
signal per gene is shown in Fig. S14). All three positive controls
(siRNAs targeted to ERBB2 itself) caused over 90% decrease in
ERBB2 compared with DMSO-treated All-Stars Negative Con-
trol (AS Neg) siRNA. Note that siRNAs targeting SKP2 and
RAB40C were omitted from the analysis because these caused
more than 50% cell death under mock-treated conditions (Fig.
S1B). In the absence of 17-AAG, the average ERBB2 signal after
silencing each of the 26 remaining genes was within 75% of the
All-Stars Negative Control siRNA, indicating that these siRNAs
do not significantly affect steady-state expression of ERBB2.
Upon 17-AAG treatment, ERBB2 protein levels in 17-AAG-
treated cells remained above 50% of the untreated negative
control signal with five of the silenced genes, namely, CULS,
RBX1, SOCS5, CUL3, and RNF7 (hereafter referred to by its
more common protein name RBX2), thus demonstrating stabi-
lization. Note that RBX1 and RBX2 are physiological RING-
finger protein binding partners of CUL3 and CULS, respectively,
whereas SOCSS is a substrate-recognition module of CUL2/5-
containing complexes (13, 14). When the 17-AAG-treated ERBB2
signal per silenced gene was expressed as a percentage of the
DMSO-treated signal for the same gene, the stabilization observed
was highly significant (P < 0.0001) for the same five genes com-
pared with the AS Neg siRNA (Fig. S1C). Target knockdown for
these five genes individually was confirmed by quantitative reverse
transcriptase PCR of their respective mRNAs (Fig. S1D).

CUL5 and RBX2 Are Involved in the 17-AAG-Induced Degradation of
Several Protein Kinase Clients of HSP90. To determine if any of the
identified genes were involved in the 17-AAG-induced depletion
of protein kinase clients in addition to ERBB2, we analyzed the
effects of silencing them on BRAFY*"E AKT, and CDK4 pro-
tein levels by Western blot in HT29 cells (Fig. 24). Of these five
proteins, silencing CUL3, RBX1, or SOCS5 did not affect de-
pletion of any client tested other than ERBB2. In contrast, si-
lencing RBX2 or CULS each reduced the degree of 17-AAG-
induced depletion of BRAFY*E AKT, and CDK4—all HSP90
clients belonging to different groups of the kinome, as defined by
Manning et al. (16). These findings were found to be statistically
significant by densitometry (Fig. 2B).

Following blockade of protein synthesis using cyclohexamide,
we found that silencing CULS5 delayed 17-AAG-induced turn-
over of the same four protein kinases (Fig. S24), indicating that
CULS is involved in their degradation at the protein level. To
determine whether degradation occurred via the ubiquitin—
proteasome system, we monitored HSP90 client accumulation and
ubiquitination in the detergent-insoluble fraction of HT29 cells
cotreated with 17-AAG and the proteasome inhibitor MG132.
Silencing CULS delayed accumulation of the HSP90 clients
ERBB2, BRAFY*"E, AKT, and CDK4 by up to 32 h (Fig. 2C).
The delay in ERBB2, AKT, and CDK4 accumulation was rep-
licated in HCT116 human colon cancer cells (Fig. S2B). Note,
however, that in contrast with the results for mutant BRAF Y0
in HT29 cells, HSP90 inhibition did not induce accumulation of
the wild-type BRAF (BRAF"T) in HCT116 cells. This was likely
due to the low sensitivity of BRAF™T to HSP90 inhibitor-
mediated depletion, as reported previously (17, 18).

Upon analysis of client protein immunoprecipitates from
HT29 cells cotreated with 17-AAG and MG132, less ubiquitin
was associated with ERBB2 and BRAFY*F in CUL5-silenced
cells compared with AS Neg controls (Fig. 2D). Reduced ubig-
uitination was replicated with ERBB2 and AKT in HCT116 cells
(Fig. S2C). Furthermore, CULS5-silenced cells displayed stronger
and more diffuse cytoplasmic ERBB2 staining than AS Neg
siRNA-treated cells upon HSP90 inhibition (Fig. S2D), indicative
of impaired ERBB2 trafficking. Overall, our data indicate that
CULS has a role in the ubiquitination and degradation of several
protein kinase clients following HSP90 inhibition.
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Fig. 1. Focused siRNA screen to identify Cullin-RING ligase family members involved in 17-AAG-induced ERBB2 degradation. HT29 human colon cancer cells

were transfected with one of three individual siRNAs targeted to a specific gene for 48 h and subsequently treated for 24 h with 5 x Glso 17-AAG (62.5 nM) or
mock-treated with the equivalent volume of DMSO vehicle. Note that O1-O3 denote individual siRNA oligonucleotides, each with a unique sequence
complementary to different parts of the target gene. ERBB2 protein levels were determined using the Total ERBB2 Whole Cell Lysate kit from Meso-Scale
Diagnostics. After subtracting the mean background readout, the total ERBB2 signal for each siRNA was normalized by cell number and expressed as
a percentage of the mean All-Stars Negative Control siRNA + DMSO signal. siRNAs that caused greater than 50% cytotoxicity under mock DMSO-treated
conditions—individual oligonucleotides CAND1 O1 and TCEB2 O1 and all three SKP2 and RAB40C oligonucleotides—were excluded from the analysis. Bars
represent mean signal of each individual siRNA for the same gene + SD from two independent experiments. Following expression of data as a percentage of
the normalized DMSO-treated signal for the same gene, those genes were identified for which statistically significant differences were observed compared
with AS Neg siRNA by one-way ANOVA followed by Dunnett’s multiple comparisons test (see also Fig. S1C).
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Fig. 2. CUL5 and its functional partner RBX2 are required for the 17-AAG-induced ubiquitination and degradation of HSP90 protein kinase clients in HT29
human colon cancer cells. (A) Western blot analysis of protein levels in control mock lipid-transfected cells (M) or cells transfected with All-Stars Negative
Control siRNA (AS) or one of three siRNAs (1-3) targeted to a specific gene for 48 h and subsequently treated for 24 h with 5 x Glsg 17-AAG (62.5 nM) (+) or
mock-treated with DMSO vehicle (). GAPDH was used as a loading control. Bands from Western blots were quantified by densitometry (Figs. S6 and S7). (B)
For each client protein, the mean GAPDH-normalized densitometry values from all three siRNAs targeted to each gene were calculated, and the 17-AAG-
treated mean value was expressed as a percentage of the mock-treated mean value. Genes are shown for which statistically significant differences (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001) were observed compared with AS Neg siRNA by one-way ANOVA followed by Dunnett’s multiple comparisons test.
(C) HT29 colon cancer cells were transfected with pooled CUL5 siRNA oligonucleotides O2 and 04 (+) or All-Stars Negative Control siRNA () for 48 h and then
treated with 5 x Glsp MG132 (200 nM) and 5 x Glso 17-AAG for between 0 and 48 h. Client protein levels present in the detergent-insoluble fraction (box
labeled “insoluble”) were determined by Western blot. CUL5 levels in the detergent-soluble fraction (box labeled “soluble”) are shown to demonstrate
protein knockdown. Samples representing the DMSO mock-treated (M) cells separated into detergent-soluble (s) and detergent-insoluble (i) fractions are also
shown. (D) Immunoprecipitation of ERBB2 (D, i) and BRAFV%E (D, ii) in HT29 cells transfected with pooled CULS5 siRNA oligonucleotides or All-Stars Negative
Control siRNA for 48 h and then treated for 24 h with 5 x Glsy 17-AAG and/or MG132 (indicated by + or —). Whole-cell lysates were sonicated before im-
munoprecipitation. Total lysate protein levels are shown in Fig. S2C, iv. In, 5 ug input cell lysate; neg, IP negative control. See Fig. S6A for densitometry from

three independent experiments.

Silencing CUL5 Delays HSP90 Inhibitor-Induced Abrogation of Client
Protein Signaling Output. In addition to causing client degrada-
tion, HSP90 inhibitors also abrogate client protein signaling
(11, 17, 19). Upon performing a 17-AAG exposure time course
without CUL5 knockdown, we found that p-ERBB2 (Tyr1221/
1222) and p-AKT (Ser479)—which represent active cellular
pools of ERBB2 and AKT—as well as p-MEK1/2 (Ser217-221)
and p-RB (Ser795)—which are direct downstream phosphory-
lated products of BRAF and CDK4, respectively—were all re-
duced within 4 h of 17-AAG treatment (Fig. 34). Note that this
was considerably earlier than total client protein levels were
depleted (16-24 h).

Although Cullin-RING ligases are proposed to be involved
primarily with degradative pathways, other roles are emerging
(20). Surprisingly, in addition to stabilizing client protein deg-
radation (Fig. 2 and Fig. S2), we found that silencing CULS5 also
delayed the loss of signaling output of these four client proteins
by 6 h, ie., from 2 h to 8 h following 17-AAG treatment (Fig. 34).

Next, we performed the same experiment in three other can-
cer cell types driven by different hyperactivated HSP90 client
proteins: ERBB2-positive breast cancer (BT474), BRAFY¢"F
melanoma (WM266.4), and EGFR™RT7M non_small cell
lung cancer (H1975) (Fig. 3 B-D). Again, loss of signaling output
as measured by levels of p-ERBB2 (Tyr1221/1222), p-MEK1/2
(Ser217-221), and p-EGFR (Tyr1045), which we observed sev-
eral hours earlier than the subsequent depletion of total ERBB2,
BRAF, and EGFR levels, respectively, was delayed upon CUL5
silencing by 4-6 h. After 4 h 17-AAG treatment—at which time
ERBB2 is dephosphorylated in AS Neg-treated cells but not in
CULS-silenced cells—we observed less ERBB2 internalization
by immunofluorescence under the CULS knockdown condition
(Fig. S2D). By contrast, in unsilenced cells ERBB2 localized in
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distinct cytoplasmic puncta at the same time point, consistent
with previous studies in which this altered distribution was inter-
preted as an increase in receptor internalization and lysosomal
processing following HSP90 inhibition (21, 22).

Taken together, our results indicate that CULS is involved not
only in client protein degradation but also in the much earlier loss of
client signaling output (and, in the case of ERBB2, receptor in-
ternalization and trafficking) following HSP90 inhibition for several
oncoproteins in multiple cell lines from various cancer types with
biological and clinical relevance to HSP90 inhibitors (3).

CUL5 Recruitment to HSP90-Protein Kinase Client Complexes Plays a
Role in Dissociation of Cochaperones upon 17-AAG Treatment.
CULS was shown previously to coimmunoprecipitate with HSP90
and ERBB2 in HSPY0 inhibitor-treated 293T human embryonic
kidney cells (12). We found that CULS coimmunoprecipitated
with ERBB2, BRAFY"F, AKT, and CDK4, as well as HSP90, in
HT29 and HCT116 colon cancer cells following 17-AAG treat-
ment (Fig. 44 and Fig. S34). Strikingly, also shown is that the
time points after HSP90 inhibition at which CULS was detected
in the client protein immunoprecipitates correlated with the
times when the representative HSP90 cochaperones CDC37 (23)
and AHA1 (24) were lost from the immunoprecipitates (4 h
onward), well before subsequent client degradation was ob-
served. Although HSP90 did coimmunoprecipitate with CULS,
the HSP90 cochaperones CDC37 and AHA1 did not coimmu-
noprecipitate with CULS in either cell line, even after 17-AAG
treatment (Fig. S3B).

Based on these observations, we hypothesized that CULS re-
cruitment to HSP90-protein kinase client complexes plays a role
in the cochaperone dissociation that we observed upon HSP90
inhibition (Fig. 44 and Fig. S34). Consistent with our hypothesis,
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Fig. 3. CULS5 silencing delays inhibitor-induced loss of client activity. West-
ern blot analysis of HT29 colon (A), BT474 breast (B), WM266.4 melanoma
(C), and H1975 non-small cell lung (D) human cancer cells transfected with
pooled CUL5 siRNAs O2 and O4 (+) or All-Stars Negative Control siRNA (=)
for 48 h and then treated with 5 x Glso 17-AAG for between 0 and 24 h or
mock-treated with DMSO for 24 h (M). The Glso values for 96-h exposure
were determined as 12.5 nM (HT29), 13.5 nM (BT474), 12.5nM (WM266.4),
and 55 nM (H1975). GAPDH was used as a loading control. See Fig. S6B for
densitometry from three independent experiments.

we found that following 17-AAG treatment, CDC37 and AHA1
dissociated from ERBB2 and BRAFY"’E considerably later in
HT?29 cells in which CULS5 had been silenced compared with AS
Neg controls (Fig. 4B). CULS silencing also caused a similar,
clear delay in cochaperone dissociation with the additional cli-
ents ERBB2 and AKT in HCT116 cells (Fig. S3C). The time
points at which cochaperones did eventually dissociate (4-8 h)
correlated precisely with the delayed times at which client ac-
tivity was lost upon CULS silencing (Fig. 3).

Taken together, Figs. 3 and 4 show that recruitment of CULS
to the HSP90-protein kinase complex can facilitate the dissoci-
ation of cochaperones from the complex and the accompanying
loss of client signaling after HSP90 inhibition. However, the fact
that silencing CULS delayed rather than blocked these events
indicates that other factors are also likely involved with respect
to these early effects of HSP90 inhibition.

CUL5-NEDD8 Conjugation Is Required for Client Protein Degradation
but Not for Loss of Client Signaling Output. Covalent attachment of
the NEDDS peptide to Cullins is required for the ubiquitination
of their target substrates (25). To determine whether NEDDS-
conjugated CULS was required for its effects on the HSP90 in-
hibition response, we silenced endogenous CULS in HT29 cells
and transiently transfected them with either a positive control
HA-tagged wild-type CULS construct (CUL5-WT), a validated
HA-tagged CULS that cannot be neddylated (CULS-ANEDDS)
(26), or an empty vector control (EV). The CUL5-ANEDDS
construct we used has Lys to Ala mutations at the three amino
acid residues where CULS5 neddylation could occur (724, 727,
and 728) (27). No NEDDS-CULS band was detected in HT29
cells transfected with this construct together with a CULS siRNA
targeted to the 3’ UTR of the CULS mRNA to silence specifi-
cally endogenous but not heterologous CULS expression (Fig.
5A). Supporting the hypothesis that CULS needs NEDDS8 con-
jugation to mediate client depletion following HSP90 inhibition,
client protein degradation was observed in CULS5-WT-trans-
fected cells but not in those transfected with CUL5-ANEDDS
following 17-AAG treatment. However, loss of client protein
activity occurred similarly in cells transfected with either con-
struct, as determined by phospho-protein levels 4 h after 17-AAG
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treatment to measure signaling output (Fig. 5B). Furthermore,
immunoprecipitation of the CULS constructs via their HA
tag showed that recruitment of HSP90 and protein kinases to
CULS5-ANEDDS after 4 h 17-AAG treatment was not impaired
compared with recruitment to CULS-WT (Fig. 5C).

Overall, these results show that whereas NEDDS conjugation
is required for 17-AAG-induced client protein degradation
mediated by CULS, it is not necessary for the earlier formation
of CUL5-HSP90—lient protein complexes or loss of client activity.

Silencing CUL5 Reduces Cellular Sensitivity to HSP90 Inhibition.
Having demonstrated that silencing CULS affects the 17-
AAG-induced loss of activity and stability of several HSP90
client proteins, we hypothesized that it might also reduce the
cancer cell growth inhibitory effects of this pharmacologic per-
turbation. Silencing CULS, or its functional binding partner
RBX2, decreased cellular sensitivity to 17-AAG in HT29 and
HCT116 cells (P < 0.01) (Fig. 64 and Fig. S4B). This significant
decrease in sensitivity was reproduced with two additional,
chemically distinct clinical HSP90 inhibitors, BIIB021 (28) and
AUY922 (15, 29), in HT29 and HCT116 cells, respectively, in-
dicating that the effect was likely general to HSP90 inhibitors.
Silencing both CULS and RBX2 did not reduce 17-AAG sensi-
tivity further compared with silencing either alone, consistent
with their role as part of the same complex (13). In addition,
reduced sensitivity to HSP90 inhibition was also observed upon si-
lencing CUL5 in ERBB2-positive breast cancer, BRAFY'E
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Fig. 4. CULS5 is recruited to HSP90-client complexes upon 17-AAG treatment
in HT29 human colon cancer cells. (A) HT29 colon cancer cells were mock-
treated with DMSO (M) or 5 X Glso 17-AAG (62.5 nM) and lysed between
0 and 24 h. ERBB2, BRAFV%%%E AKT, or CDK4 immunoprecipitations were
performed on these cell lysates (4, i-iv), and the resultant immunoblots were
probed for the relevant proteins as indicated. Mock-treated cells were
lysed after 24 h. GAPDH was used as a loading control. (B) ERBB2 (B, i) or
BRAFVE%E (B jj) immunoprecipitation of HT29 colon cancer cells transfected
with pooled CUL5 siRNAs O2 and O4 (+) or All-Stars Negative Control siRNA (-)
for 48 h and then treated with 5 x Glsg 17-AAG for between 0 and 16 h or mock-
treated with DMSO for 16 h (M). In, 5 pg input cell lysate; neg, IP negative
control. See Fig. S6C for densitometry from three independent experiments.
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Fig. 5. CUL5-NEDDS8 conjugation is required for 17-AAG-induced client
degradation but not for loss of client activity. HT29 human colon cancer cells
were transfected with pcDNA5/FRT/TO plasmids containing HA-tagged CUL5
(CUL5-WT), an HA-tagged CULS5 triple mutant (S724A S727A S728A) (CUL5-
ANEDD8), or empty vector (EV) or mock-transfected with DMSO vehicle for
24 h and then transfected with CUL5 O1 siRNA (si-CUL5), All-Stars Negative
Control siRNA (si-AS Neg), or DMSO vehicle for a further 48 h before com-
pound treatment. Cells were then treated for 24 h (A) or 4 h (B) with 5 x Glso
17-AAG (62.5 nM) or DMSO vehicle, lysed, and analyzed for protein levels by
Western blot. (C) HA-tag immunoprecipitation of HT29 colon cancer cells
treated as in B. In, 5 pg input cell lysate; Neg, IP negative control. See
Fig. S6D for densitometry from three independent experiments.

melanoma, and EGFRISRTOM an small cell lung cancer
lines (Fig. S4 C-E).

We conclude that the effects of silencing CULS on cocha-
perone dissociation, client activity loss, and client degradation
result in an attenuation of the antiproliferative response caused
by HSP90 inhibition, as shown with three different clinical
HSP90 drugs, in several cancer cell lines of different histological
origins and harboring diverse oncoprotein kinase drivers.

Discussion

The E3 ubiquitin ligase CULS was originally reported to be in-
volved in the degradation of ERBB2 in human embryonic kidney
293T cells following HSPY0 inhibition by geldanamycin (12). By
silencing Cullin-RING ligase family members using RNAi, we
investigated the extent to which CULS and other Cullin-RING
family ligases are involved in the degradation of various HSP90
protein kinase clients. We show that in addition to ERBB2,
CULS plays an important role in the 17-AAG-induced ubig-
uitination and degradation of the structurally and functionally
diverse protein kinase clients BRAFY®™E  AKT, and CDKA4.
Unexpectedly, we reveal that CULS is also involved in the dis-
sociation of cochaperones from the inhibited HSP90-client
protein complex that we observe and also in the loss of client
signaling output that we demonstrate, both of which occur con-
siderably earlier than subsequent client protein degradation.
Immunofluorescence analysis also indicated that silencing CULS
compromises 17-AAG-induced ERBB2 internalization and cy-
toplasmic trafficking. In addition, by expression of a validated
CULS construct that cannot be neddylated, we show that NEDDS8
conjugation of CULS is required for later degradation of client
kinases but not for their early recruitment to CULS or loss of
downstream signaling output following HSP90 inhibition. We
demonstrate that silencing CULS expression reduces the sensi-
tivity of four human cancer cell types, harboring diverse onco-
protein clients, to three structurally distinct HSP90 inhibitors.
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Based on our data, we propose a possible model in which
CULS recruitment to the inhibited HSP90-protein kinase com-
plex is one of the factors involved in cochaperone dissociation
and loss of client activity; CULS or some other associated factor
could then potentially act as a scaffold for assembly of other
components of the ubiquitin-proteasome system that ultimately
results in client protein ubiquitination and degradation (Fig. S5).
Some proteins involved in the degradation response may be
specific to individual clients, as exemplified by our finding that
CULS, its functional binding partner RBX1, and the CUL2/5
substrate receptor SOCSS5 affected the 17-AAG-induced de-
pletion of ERBB2 but not the other protein kinases tested (Fig.
24). This is in agreement with a recent quantitative analysis
which identified 117 different E3 ubiquitin ligases that interacted
to some extent with HSP90 in human 293T cells (1). We also
found that silencing Elongin-B or Elongin-C did not affect 17-
AAG-induced ERBB?2 depletion, even though these proteins are
classically required for formation of functional CULS-containing
E3 ubiquitin ligase complexes (13, 14). Our results are, however,
consistent with previous findings that CULS5-mediated ERBB2
degradation is not impaired in cells with deficient Elongin-B/C
activity (12). Further work is required to determine whether or
not CULS forms typical Elongin-B/C-Cullin—-SOCS-box protein
complexes with respect to the degradative response following
HSP90 inhibition. Precisely how CULS binding to HSP90 medi-
ates early cochaperone loss and reduced client protein signaling
and the mechanistic linkage between these events as well as to
the subsequent client degradation also remain to be defined.

The chromosomal location of CULS is associated with loss of
heterozygosity in breast cancer, suggesting that CULS may be
a tumor suppressor (30, 31). Heterologous CULS expression has
been reported to exert an antiproliferative effect (32, 33). Fur-
thermore, a clinical study showed a significant decrease in CULS5
expression in breast tumors versus matched normal tissue (34).
Based on these findings and on our demonstration that silencing
CULS reduces cellular sensitivity to HSP90 inhibition (Fig. 6 and
Fig. S4), it is possible that expression levels of this gene may
affect tumor response to HSP90 inhibitors in patients. Loss of
CULS is also a potential mechanism of acquired resistance.
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Fig. 6. Silencing CUL5 reduces cellular sensitivity to HSP90 inhibition in

HT29 human colon cancer cells. Growth inhibition of HT29 colon cancer cells
upon treatment with HSP90 inhibitors 17-AAG (A) or BIIB021 (B) as de-
termined by 96-h SRB assay. Cells were transfected 48 h before treatment.
Conditions are no transfection (NT), DMSO transfection (Mock), 25 nM All-
Stars Negative Control (Neg), pooled CUL5 siRNAs O2 and 04 (CUL5), pooled
RBX2 siRNAs O1 and 09 (RBX2), and pooled CUL5 and RBX2 siRNAs at
concentrations of 12.5 nM (DUAL 12.5) or 25 nM (DUAL 25) each. Dotted line
represents 50% cell growth inhibition. Mean Glso values from three in-
dependent experiments + SEM and the corresponding Dunnett’s multiple
comparisons test P values (following one-way ANOVA) are shown. *P < 0.01.
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Given the clinical promise of HSP90 inhibitors (35), predictive
biomarkers for patient response could prove invaluable.

The studies performed here indicate that CULS is a key
component affecting multiple features of the complex molecular
and cellular response to HSP90 inhibition with potential clinical
relevance. Our findings warrant further investigation of CULS
and other Cullin-RING family proteins, such as RBX2, with
respect to this response in cancer cells.

Methods

Cell Culture and Compound Treatments. All cell lines were obtained from ATCC
(LGC Promochem). Cells were cultured in DMEM (Invitrogen) and supple-
mented with 10% vol/vol FCS (PAA Laboratories), 2 mM L-glutamine, 0.1 mM
nonessential amino acids, and 100 units of penicillin and streptomycin. Cells
were maintained at 37 °C in a humidified incubator with 5% CO, and sub-
cultured at 70% confluency. Cells were confirmed as mycoplasma-free using
the Venor Mycoplasma PCR Detection Kit (Minerva Biolaboratories). For
analysis of cellular and molecular effects of compound treatments, appro-
priate concentrations of 17-AAG (Axxora), in-house synthesized AUY922
(29), BIIB021 (Selleck), MG132 (Millipore), MLN4924 (Active Biochem), cyclo-
hexamide (Sigma-Aldrich), or DMSO vehicle (Sigma-Aldrich) were added to
cells at 40% confluency or 48 h after siRNA transfection. For experiments
where 17-AAG and MG 132 or MLN4924 cotreatments were involved, MG132
or MLN4924 were added to cells 1 h before 17-AAG.

siRNA, Plasmids, and Transfection. siRNA oligonucleotides were synthesized by
Qiagen. CUL5 siRNA sequences were CAGCTGGTTATTGGAGTAAGA (O1),
CTGGAGGACTTGATACCGGAA (02), CAGGTTTGAATCAGTCACCTA (03), and
CCAGCTGATTCAGTTATTATA (O4). Target sequences for the siRNA screen are
listed in Table S1. Oligonucleotides were transfected into HT29 cells using
DharmaFECT-4 (Dharmacon), BT474 cells using DharmaFECT-2, or HCT116
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and H1975 cells using HiPerFect (Qiagen) and 25 nM siRNA according to
manufacturer’s instructions. pcDNA5/FRT/TO plasmids (Invitrogen) contain-
ing HA-EV, HA-CUL5-WT, and HA-CUL5-ANEDDS8 were provided by Arno Alpi
(24) and transfected into cells using Lipofectamine 2000 (Invitrogen) according
to manufacturer’s instructions 24 h before siRNA transfection. For validation of
gene silencing upon siRNA transfection, quantitative RT-PCR was performed.
RNA was extracted and purified from silenced cells using the Cells-to-cDNA I
Kit (Ambion) and synthesized into ¢cDNA using the High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems). The cDNA levels of the silenced
genes were determined by performing the TAQman assay using predesigned
gene-specific primers (Applied Biosystems).

Quantitation of ERBB2 Protein Levels. The Total ERBB2 Whole Cell Lysate Kit
(Meso-Scale Diagnostics) was used according to manufacturer’s instructions.
Additional details are provided in S/ Methods.

Western Blotting, Inmunoprecipitation, and Inmunofluorescence. Western
blotting, immunoprecipitation, and immunofluorescence are described in S/
Methods. Antibodies used are listed in Table S2.

Cell Growth Inhibition Assay and Statistical Analysis. Cellular sensitivity to com-
pounds was measured by 96 h sulforhodamine B (SRB) assay (36). Statistical
analyses were performed using Prism 6 (GraphPad Software).
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