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The tumor suppressor VHL (von Hippel-Lindau) protein is a sub-
strate receptor for Ubiquitin Cullin Ring Ligase complexes (CRLs),
containing a BC-box domain that associates to the adaptor Elongin
B/C. VHL targets hypoxia-inducible factor 1a to proteasome-
dependent degradation. Gam1 is an adenoviral protein, which also
possesses a BC-box domain that interacts with the host Elongin B/C,
thereby acting as a viral substrate receptor. Gam1 associates with
both Cullin2 and Cullin5 to form CRL complexes targeting the host
protein SUMO enzyme SAE1 for proteasomal degradation. We
show that Gam1 protein expression induces VHL protein degradation
leading to hypoxia-inducible factor 1« stabilization and induction
of its downstream targets. We also characterize the CRL-dependent
mechanism that drives VHL protein degradation via proteasome.
Interestingly, expression of Suppressor of Cytokine Signaling (SOCS)
domain-containing viral proteins and cellular BC-box proteins leads
to VHL protein degradation, in a SOCS domain-containing manner.
Our work underscores the exquisite ability of viral domains to un-
cover new regulatory mechanisms by hijacking key cellular proteins.
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biquitylation is a posttranslational modification that involves

the tagging of protein substrates with ubiquitin moieties.
Ubiquitin transfer requires the coordinated and subsequent activi-
ties of the ubiquitin-activating E1 enzyme, ubiquitin-conjugating
E2 enzymes, and ubiquitin E3 ligases. E3 ligases show substrate
specificity and can be grouped into three families based on their
different E2-docking domains. CRLs (Cullin RING Ligases)
are the largest subfamily of RING domain ligases (1). They dis-
play the same modular structure: a scaffold subunit (Cullin), a
RING subunit, an adaptor, and a substrate-receptor subunit to
recruit the specific protein target to be ubiquitylated (2). Each
Cullin associates with a specific adaptor subunit, except for Cullin2
and Cullin5, which both interact with the Elongin B and Elongin C
(hereafter EloB/C) heterodimer (3). The EloB/C heterodimer is
specifically bound by substrate receptors that contain a minimal
consensus sequence (called BC-box motif) (4-6) usually included
in the SOCS (Suppressor of Cytokine Signaling) domain of several
substrate-receptor subunits (7, 8). The consensus sequence and
the function of the BC-box motif were first described for SOCS
proteins (5, 8, 9), a family of downstream effectors of cytokine
signaling cascade, involved in the negative feedback regulation of
this pathway.

Several viruses encode for their own substrate receptors pos-
sessing the BC-box motif and are thus able to interact with EloB/
C cellular adaptor, thereby modifying the cellular ubiquitin E3
ligase complex and their target proteins selection (10-17). We
have demonstrated that the CELO (Chicken Embryo Lethal
Orphan) Adenovirus early protein Gaml1 is one of such BC box-
containing proteins that is able to associate with both Cullin2
and Cullin5 to reconstitute active E3 ligase complexes and target
the SUMO E1 enzyme (SAE1/SAE2 heterodimer) for degra-
dation (18, 19). Conversely, the BC-box mutant Gaml L1258,
265A shows severely impaired binding to EloB/C, resulting in the
absence of SUMO E1 degradation and the other downstream
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effects of the wild-type Gam1 protein (18, 20, 21), supporting the
idea that these effects may depend on Gaml ability to act as
substrate-receptor protein.

VHL (von Hippel-Lindau) protein is a cellular BC box-con-
taining substrate receptor and associates with Cullin2-based E3
ligases (22-24). VHL is a tumor suppressor, and its loss leads to
the von Hippel-Lindau syndrome that often develops into renal
clear-cell carcinoma and other highly vascularized tumors (25,
26). In normoxic conditions, VHL binds and targets HIF (Hyp-
oxia-Inducible Factor) la subunit for degradation whereas, in
hypoxic conditions, this subunit is stabilized and accumulates
(27-30). Together with HIF 1f, HIF la forms a transcription
factor that promotes the expression of a plethora of genes in-
volved in angiogenesis (31), erythropoiesis (32), and glucose
metabolism (33).

Here, we investigate and characterize a CRL-dependent mech-
anism that drives VHL protein degradation. Data on the BC-box
mutants of Gam1, SOCS1, and SOCS3 show that VHL protein
decrease is indeed BC box-dependent. Cullin knockdown ex-
periments further confirm that VHL ubiquitylation and degra-
dation require Cullin2 and Cullin5. We also explore heat
shock, an experimental state shown to reactivate viral replication
(34), and infection with Adenovirus Ad5AE3 to show a decrease
in VHL levels upon viral infection. The decrease in VHL levels is
also evident upon infection of human keratinocytes with the
HPV16 (Human Papilloma virus Type 16) E6 and E7 oncoproteins
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that interact with CRL complexes (13) whereas no change in
VHL protein levels is observed upon infection with SV40 large
T-antigen that lacks a SOCS domain. Thus, BC box-containing
proteins decrease VHL with the consequent stabilization of
HIF 1l in the context of a cellular response to viral infection.
The impairment of VHL/HIF pathway caused by viral or
cellular SOCS domain-containing proteins in response to viral
infection might have detrimental consequences for the infec-
ted cell, leading to a favorable environment for tumor onset
and cancer progression.

Results

VHL Protein Decreases and HIF 1a Is Stabilized in Cells Expressing
Gam1 WT and Not the Gam1 LL/AA Mutant Protein. We have re-
cently shown that Gam1 is a viral substrate receptor that recruits
both Cullin2- and Cullin5-based E3 ligases (CRL) to target the
SUMO E1 enzyme (SAE1/SAE2 heterodimer) for degradation
(18, 19). VHL, a tumor suppressor, also forms part of a CRL
complex (24) and acts as a cellular substrate receptor targeting
HIF 1la for degradation (29). Interestingly, we observed a de-
crease in VHL protein levels upon the expression of doxycycline
(DOX)-inducible Gam1 WT in Tet-on HeLa cells. The decrease
in VHL levels with time coincided with HIF 1la stabilization and
the accumulation of Glutl, a downstream target protein of HIF
la (Fig. 14). To assess the transcriptional activator function of
HIF-1, we measured luciferase activity in cells cotransfected with
the luciferase gene under the control of a bipartite Hypoxia
Responsive Element (HRE) promoter. Luciferase activity in-
creased 18-fold upon Gaml WT protein expression (Fig. 1B).
The expression of Carbonic Anhydrase IX (CAIX) gene, a direct
transcriptional target of HIF-1 (35), showed a fourfold increase
in Gaml WT-expressing cells (Fig. 1C). We next sought to in-
vestigate whether the expression of Gaml WT and a specific
Gaml BC-box mutant (Gaml LIL/AA), incapable of forming
a functional CRL (18, 19), would differently affect cellular
protein levels of VHL. In cells transiently transfected with Gam1
WT, VHL levels were significantly decreased compared with
cells expressing the Gam1l BC-box mutant. We also found that
HIF 1« levels were higher only in cells expressing Gam1 WT and
not Gaml LL/AA (Fig. 1D). These results collectively indicate
that Gam1 WT, but not the mutant protein, decreases cellular
levels of VHL and stabilizes and increases the transactivational
function of HIF 1a, thus creating a hypoxic-like cellular state.

VHL Protein Decrease upon Gam1 WT Protein Expression Is Ubiquitin/
Proteasome-Dependent. Under normal conditions, VHL is a sta-
ble protein (36) with a half-life of 24 h (Fig. S1). Instead, Gam1
WT shortens VHL half-life, with no significant changes in VHL
mRNA levels (Fig. S2). To address whether the rapid and re-
producible decrease of VHL protein levels may be due to pro-
teasomal degradation, Tet-on Gaml WT-inducible HEK 293T
cells were treated with 10 uM proteasome inhibitor MG132 (Z-
Leu-Leu-Leu-Al) to block protein degradation. Gam1l WT ex-
pression was induced by the addition of 1 pg/mL doxycycline,
and, 1 h later, MG132 was added to the media. Cells were har-
vested 13 h after induction and analyzed. Proteasome inhibition
efficiently rescued VHL protein levels, even upon expression
of Gaml WT (Fig. 24, compare lanes 2 and lane 4). Because
proteins targeted to the proteasome are usually ubiquitinated,
we assessed whether VHL is subject to such modification upon
Gaml WT expression. To this end, we cotransfected Phoenix
cells with HA-tagged VHL protein, Flag-tagged ubiquitin, and
myc Gaml (WT or LL/AA). Cells were then treated with 10 pM
MG132 for 2 h before harvesting and lysed in a denaturing SDS-
based lysis buffer to preserve only covalent bonds. VHL immu-
noprecipitation (IP) showed increased ubiquitylation in the
presence of Gaml WT (Fig. 2B, lane 5) whereas the Gam1 BC-
box mutant induced only a slight VHL ubiquitylation (Fig. 2B,
lane 7), most likely due to its extremely low affinity for the E3
ligase complexes (18). In the absence of Gaml, VHL protein
did not display any ubiquitin modification (Fig. 2B, lane 3),
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Fig. 1. Gam1 WT decreases cellular levels of VHL, stabilizes HIF 1«, and
increases the transactivational function of HIF 1a. (A) Immunoblotting (IB)
showing Glut1 and HIF1a stabilization. HeLa Tet-on cells were induced (DOX)
to express Myc Gam1 WT. Lysates were made in SDS lysis buffer at the
indicated times and probed as indicated. Loading controls: Vinculin and
Tubulin. (B) Luciferase assay. Hela cells transfected with HRE (Hypoxia Re-
sponsive Element)-Luciferase reporter plasmid together with either empty
vector or myc Gam1 wild-type (WT). Results are reported as fold induction of
luciferase activity in relative light units per second (RLU/s) normalized to the
control (empty vector) where n = 3 + SD. (C) Quantitative RT-PCR. Results are
reported as fold induction of CAIX mRNA relative to the control (empty
vector) and normalized respectively to GADPH mRNA (to which the arbitrary
value of 1 was assigned) where n =3 + SD. (D) IB of VHL and HIF 1« in HelLa
cells transiently transfected with Myc Gam1 WT and Myc Gam1 LL/AA.
Loading control: Tubulin and Vinculin.

indicating that Gam1 WT expression enhances VHL ubiquitylation
and the consequent protein degradation. We then carried out the
reciprocal IP in HelLa cells, immunoprecipitating Flag ubiquitin
under the same experimental conditions. From the smear pat-
tern, it was evident that VHL is ubiquitylated upon Gam1 WT
protein expression and not when Gam1 BC-box mutant protein
is expressed (Fig. S3, compare lanes 6 and 8), suggesting the
requirement for an intact BC box in ubiquitylating VHL.

SOCS Domain Containing an Intact BC-Box Motif Is Sufficient to
Decrease Cellular Levels of VHL. We then asked whether other
BC box-containing proteins of viral and cellular origin could
mediate the decrease in VHL protein. Thus, we transiently
transfected cells with Adenoviral E4orf6 from AdS5, cellular
SOCS1, and cellular SOCS3 proteins, which have been shown to
contain a functional BC-box motif by virtue of its binding to
EloB/C (8, 10, 12, 14, 15, 37). Interestingly, Ad5 E4orf6, SOCSI,
and SOCS3, when independently and transiently expressed in
U20S cells, decreased levels of VHL concomitant with HIF 1«
stabilization (Fig. 34). To identify the minimum region required
to mediate the decrease in VHL, we constructed EGFP fusions
of the SOCS domain from full-length SOCS1 and SOCS3 con-
structs. SOCS1 and SOCS3 are well-studied negative regulators
of cytokine signaling, having shown to function also as part of
the signaling events that follow a viral infection. Previously
published work has also shown that the SOCS domain binds
EloB/C whereas the SOCS domain carrying a BC-box mutation is
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Fig. 2. Gam1 WT and not Gam1 LL/AA cause ubiquitylation and protea-
some-dependent decrease of VHL. (A) Tet-on HEK293T cells were induced
(DOX). One hour after induction, MG132 or DMSO was added to the me-
dium. nUb was used as a control for proteasome inhibition. Loading control:
Tubulin. (B) Phoenix cells were transfected with HA VHL, Flag Ub, and myc
Gam1 (WT or mutant LL/AA), harvested, and lysed in denaturing SDS-lysis
buffer. One milligram of crude extract was immunoprecipitated (IP) against
HA tag and analyzed by IB. Anti-Flag antibody detected ubiquitinated HA
VHL. Loading control: Tubulin.

rendered defective in binding EloB/C (37). We created the
SOCS-box domain and their respective BC-box mutants that
have two amino acid substitutions L—P (175;SOCS1 and 189;
SOCS3) and C—F (179;SOCS1 and 193;SOCS3) in their BC box
(Fig. 3B) (6). HeLa cells were transiently transfected with the
SOCS-box domain and the mutant proteins. Clearly, BC-box
mutants unable to bind EloB/C (Fig. 3C, last two lanes) are
unable to decrease protein levels of VHL (Fig. 3D, lanes 3 and
4). These data indicate that the BC-box region within the SOCS
domain is necessary and sufficient to decrease cellular levels of
VHL. However, it was likely that the VHL protein decrease that
we observed upon the expression of BC box-containing proteins
or the BC box itself may be nonspecific, potentially affecting
substrates degraded by a CRL-mediated mechanism. To exclude
this possibility, we transiently transfected U20S cells with Gam1
WT, SOCS1 box, and Flag SOCS1. The levels of p53, a protein
that is regulated by the CRL (14), remained unchanged (Fig. S4).
Thus, it was more likely that VHL protein was a specific target of
the BC box.

BC Box-Dependent VHL Decrease Is Cullin-Dependent. We next sought
the mechanism behind the decrease of VHL protein. It has been
shown that VHL mutants unable to bind EloB/C are prone to
degradation (38). The transient expression of BC-box proteins
could deplete cellular levels of EloB/C, thus rendering the VHL
protein less stable as a consequence. To ensure sufficient levels of
adaptor protein, we transiently transfected EloB/C along with
a panel of SOCS domain and mutant proteins. Thirty hours after
transfection, HeLa cell lysates were made and probed for VHL.
From the immunoblot and the graphical representation of VHL
levels, it was clear that transient expression of EloB/C did not
rescue the BC box-dependent decrease of VHL (Fig. 4 4 and B).
We also found no appreciable increase in VHL over the 30 h in
cells transfected with EloB/C versus the untransfected cells
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(Fig. 44, compare lane 1 with lane 3). Expression of all transfected
proteins was confirmed by immunoblotting (Fig. 4 C-E).

To investigate whether Cullin2 and Cullin5 were required to
decrease VHL expression, we transfected HeLa cells with shRNA
plasmids against Cullin2 and Cullin5. The shRNA plasmids were
transiently cotransfected and selected in 1 pg/mL puromycin for 3 d.
Following selection, the cells were transfected with the SOCS
box, Gam1 WT, and the respective controls. Fig. 5 shows that,
upon Cullin depletion, SOCS box and Gam1 WT are unable to
decrease levels of VHL as efficiently as in cells containing the
Cullins (Fig. 54, compare lanes 3 and 4, lanes 5 and 6). We then
tested whether Cullin knockdown specifically decreases VHL
ubiquitylation. HeLa cells knocked down for Cullins were
transfected with Flag Ub, Gaml WT, Gaml LL/AA, and HA
VHL. Under SDS lysis conditions, which preserve only covalent
protein modification, it was clear that there was a noticeable
increase in the ubiquitylation of VHL upon Gaml WT protein
expression not reproduced in the absence of Cullins (Fig. 5C,
compare lanes 2 and 5). Our data investigating the Cullin re-
quirement for VHL decrease in BC box-expressing cells show
that, firstly, the transient expression of the adaptor proteins
EloB/C does not rescue the BC box-mediated decrease of VHL;
secondly, Cullin2 and Cullin5 proteins participate in VHL pro-
tein degradation; and, thirdly, Cullin2 and Cullin5 depletion
decreases VHL ubiquitylation and degradation.

Virus Infection Decreases VHL Protein Levels. Heat shock is a well-
documented experimental state that has been shown to cause
viral reactivation (39, 40). More importantly, heat shock at 43 °C

A B
S0CS1(172:212)
$ [EcFP |- -
Se s [_Ecrp | SOCS3(186-225)
S ELS
@@Q ((\,bq‘(\,bg((\,bc; SOCS1 Box mutant
VHL |- BC Box
I —
E4orfe - 172 212
e il PLQELCRQRIV
80681 — 174 PLOELC \o
PPQELFRQRIV

Tutuin [E—]

HIF 1a IEI SOCS3 Box mutant
——— e

1 2 3 4 186 I 005
TLQHLCRKTVN
o8 198
TPQHLFRKTVN
&
C °+r5‘°dt3,°°+0°+
A
P PP
e 070 O N
K KRR R K’ D & &
@0@0 Ppopregra & & 5o
FEEEd o o o o
R F oo
[
50 — -
bl SOCST
25
i (a-GFP)

20
15

EloC | o e s
SOCS box -""-
(a-GFP)

INPUT IP:GFP

Fig. 3. SOCS domain BC-box mutant does not decrease VHL protein levels. (A)
U20S cells were transfected with Flag E4orf6, Flag SOCS1, or Flag SOCS3. Lysates
were analyzed as depicted. Loading control: Tubulin and Vinculin. (B) Schematic
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SOCS1 and SOCS3. Box mutants were constructed by specific mutations (*)
within the BC box. (C) HeLa cells transfected with SOCS box, and their respective
mutants were harvested and IP for GFP. IB for Elongin C shows mutant proteins
unable to bind Elongin C. (D) Protein expression of SOCS box and their re-
spective mutants in HeLa cells. Lysates were IB for VHL. Loading control: Actin.
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proteins with loading controls.

for 90 min causes viral reactivation of the replication incompetent
CELO virus (lacking the Gam1 gene) (34). Thus, we used heat
shock as an experimental setting to simulate viral infection and
probe cellular levels of VHL. Fig. 64 shows that, when HeLa
cells are heat shocked at 43 °C for 90 min, there is a significant
decrease in VHL protein levels. Because viral infection and
cytokine activation have been associated with STAT3 activa-
tion (41-43), we assessed the phosphorylated form of STAT3
(STAT3Y705), which was elevated in the heat-shocked samples
versus the control (Fig. 64, compare lanes 1 and 2). Heat-shock
treatment also led to a threefold induction of SOCS1 mRNA
transcription compared with control condition (Fig. 64). To
mimic a true viral infection, we infected HeLa cells with AdSAE3
(Adenovirus dI327), a deletion mutant of Ad5 that has been
shown to advance the time of inflammation and exhibit a signif-
icantly greater pathologic cellular response (44). Only in the
deletion mutant infected cells there was a noticeably lower level
of VHL protein, accompanied by increased Glutl, the down-
stream target of HIF 1 (Fig. 6B). To extend our observations of
a viral infection and VHL protein decrease that was SOCS do-
main-dependent, we transduced human primary keratinocytes
with recombinant retrovirus expressing E6 and E7 oncoproteins
from human papillomavirus type 16 (HPV16). E7 has been
shown to form a functional CRL (13), and E6/E7 infection was
confirmed by the decrease in p53 levels (Fig. 6C) (45). A con-
sistent and reproducible decrease in VHL protein upon infection
was observed, with no significant effect on mRNA levels (Fig.
S5). Infection of donor keratinocytes with SV40 large T-antigen,
which lacks a SOCS domain, does not decrease cellular levels of
VHL (Fig. 6C). Taken together, our results show that, upon
infection, expression of BC box-containing viral proteins leads to
VHL decrease.
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Discussion

VHL targets HIF la to proteasome-dependent degradation. Key
consequences of HIFla activation in cancer are the effect on
signaling to the vasculature due to the activation of angiogenic
factors and on cancer-cell metabolism with advantages to pro-
liferate and metastasize (46, 47). In this study, we investigate
VHL protein decrease in the presence of the viral protein Gam1.
Using the BC-box mutant of Gam1, we show that VHL decrease
and the coincident HIF la stabilization depend on an intact BC
box. It has been shown that VHL plays a role in the down-reg-
ulation of the expression of glucose transporter-1 (Glutl) and
that cells lacking functional VHL overexpress hypoxia-inducible
genes (46). In accordance with these data, in a kinetic study of
Gaml WT protein expression, it is evident that HIF la stabili-
zation, consequent to VHL protein decrease, correlates with
Glutl protein levels, confirming that HIF la is stabilized and
rendered transcriptionally active (Fig. 1). Incidentally, the Ade-
noviral protein E4orf6 and the cellular SOCS1 and SOCSS3,
which also form part of the CRL (8, 10, 12, 37), decrease VHL
levels and cause HIF la stabilization. To investigate whether
a common mechanism does exist in decreasing VHL protein, an
otherwise stable protein observed from our cyclohexamide CHX
chase (Fig. S1), we mutated the BC box within the SOCS domain
to construct the SOCS1-box and SOCS3-box mutants. Transient
expression of the mutant proteins did not decrease VHL, unlike
their WT counterparts, pointing to the relevance of an intact BC
box within the SOCS domain to induce the VHL decrease.
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Fig. 6. Heat shock and viral infection decreases VHL protein. (A) Tet-on
inducible HelLa cells were subjected to heat-shock treatment (HS) or kept at
37 °C as control. VHL protein decrease upon heat shock, as shown in the
representative IB, is significant and consistent (P < 0.05, n = 3). Control:
Hsp70 asterisk indicates the stress-induced band. A graphical representation
of SOCST mRNA in control and HS cells shows a statistically significant (P <
0.006, n = 3) and reproducible increase of SOCS1 mRNA. (B) Hela cells were
either mock infected or infected with Ad5AE3. Twenty-four hours after in-
fection, lysates were probed for VHL and Glut1. Infection was confirmed by
probing with DBP. Loading control: Tubulin. (C) Primary Human Keratino-
cytes expressing viral proteins (S/ Materials and Methods). Lysates were
probed for p53 and VHL protein. Loading control: GAPDH.

Although substrate selection of SOCS box-containing proteins
relies on regions upstream of the domain (for example Human
Adenovirus protein E4orf6), it is interesting to note that tran-
sient expression of the SOCS domain, lacking upstream ele-
ments, mediates VHL protein decrease by default. This be-
haviour probably explains the similar, yet varying, degrees of
VHL decrease when the Adenoviral protein E4orf6, Gam1 WT,
and SOCS1 and SOCS3 are independently and transiently
expressed (Fig. 34). However, it must also be noted that tran-
sient expression of the SOCS domain does not affect cellular
levels of p53 or SAEL, well-known targets of the CRL complex
(Fig. S4 and Fig. 44) (14, 19). Our experiments show that VHL
decrease upon Gaml WT expression is proteasome-dependent
and that VHL is ubiquitylated in the presence of Gam1 WT and
not the mutant. Because the SOCS domain forms part of the
CRL (37), using Cullin2 and Cullin5 knockdown experiments, we
show that VHL decrease requires Cullin2 and Cullin5. Indeed,
VHL protein ubiquitylation was significantly reduced in Gam1-
expressing cells when the Cullins are depleted. These results
point to the requirement of the Cullins to mediate VHL
protein decrease. Although it has been shown that sumoylated
VHL is more stable (48), it is less likely that desumoylation
plays a role in mediating VHL protein decrease upon ex-
pression of SOCS domain-containing proteins. In fact, although
Gaml WT has been shown to degrade the SUMO activating
enzyme SAEI (18, 19), we do not observe the decrease in SAE1
when other SOCS domain proteins are expressed (Fig. 44). It is
still unclear whether the SOCS domain CRL is the sole ligase
that mediates the decrease of VHL. The possibility of additional
ligases participating in VHL protein decrease arises from the
observation that SOCS1 and SOCS3 bind with comparatively
lower affinities to Cullin5 than the rest of the SOCS family of
proteins (37). However, physiological effects not always rely on in
vitro interaction strengths. Thus, a weaker Cullin5 interaction does
not necessarily translate to reduced in vivo CRL activity of
SOCS1 and SOCS3. To ensure that SOCS domain overexpression

18172 | www.pnas.org/cgi/doi/10.1073/pnas.1311382110

does not deplete endogenous levels of EloB/C (38), we co-
transfected EloB and EloC along with a panel of SOCS-domain
proteins. Although EloB/C overexpression reduces levels of SOCS1,
as observed previously (8) and in our data (Fig. 4F), we found no
change in our earlier observation of SOCS domain-mediated
VHL decrease. Thus, the observed VHL decrease is a less likely
consequence of insufficient EloB/C proteins. It must also be
noted that, in our experiments of Cullin depletion, carried out
over a period of 3 d, we noticed no change in VHL levels. It is
thus improbable that limited availability of the CRL components
causes the decrease in levels of VHL. Similarly, EloB/C over-
expression and VHL protein analysis over a period of 2 d also
did not alter levels of VHL compared with controls, indicating
that the decrease in VHL protein levels are SOCS domain-me-
diated (Fig. 4 A and B). From our CHX chase experiment, we
also observed a decrease in VHL protein levels in SOCS domain-
transfected cells (Fig. S6). We then asked whether VHL levels
would be affected upon viral infection. Our data suggest that
viral proteins carrying the SOCS domain decrease cellular
levels of VHL (Fig. 34). Indeed, infection with Adenovirus
Ad5AE3, Human papilloma virus proteins E6 and E7, and
heat-shock induction, which simulates a virus-infected state in
cells, decreased VHL protein levels whereas infection with
SV40 large T-antigen did not (Fig. 6). However, in a physiologi-
cal setting such as heat shock, several factors could cooperate to
decrease VHL protein levels despite our observation of an in-
crease in mRNA levels of SOCS1 in HeLa cells (Fig. 64). Our
attempts of a SOCS1 and SOCS3 knockdown in HeLa cells
resulted in massive cell death. Furthermore, the involvement of
more than one member of the SOCS family of proteins renders it
difficult to single out a select SOCS protein in mediating VHL
decrease in a physiological setting. However, it is plausible that
viral proteins containing a BC-box motif aim to achieve a hypoxic
cellular state by altering the VHL HIF 1« axis (discussed in Fig.
7). This hypothesis is suggested from our time-course experi-
ments expressing Gam1 WT (Fig. 14) as well as from the transient
overexpression of viral proteins (Fig. 34). IFN-induced HIF la
stabilization, as VHL loss, could cooperate in organizing host
defenses and have cellular consequences that in some cases can
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Fig. 7. Model showing VHL protein decrease upon expression of SOCS
domain-containing proteins of viral and cellular origin. Infection by viral
proteins containing the SOCS domain or increased protein levels of cytokine
signaling mediators SOCS1 and SOCS3 decrease VHL levels. BC-box mutants
in the SOCS domain fail to assemble a functional Cullin2 and Cullin5 ligase
complex, resulting in reduced VHL protein ubiquitination and its subsequent
stabilization. VHL protein decrease might also be mediated by other un-
known ligases as in the case of a heat-shock response or in cellular states
when alternate pathways are activated. The consequent stabilization and
activation of HIF 1 at the transcriptional level might provide a favorable
environment for cell survival even under conditions of cellular stress.
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inhibit viral replication (49, 50). However, in other instances of
persistent viral infection, HIF-1 activation can lead to the activa-
tion of the proangiogenic program and oncogenic transformation
as a consequence (11, 51-54). Therefore, considering the primary
role of HIF la in immune defense, it is not surprising that cells
have evolved auxillary mechanisms to rapidly sustain the stabili-
zation of HIF 1a, for instance through the degradation of VHL
protein. Recently, VHL has also been implicated in regulating
protein synthesis by binding ribosomal proteins and preventing
ribosome assembly (55). Because viral infection requires a func-
tional protein synthesis apparatus, it makes VHL an attractive
viral target. Once again, viruses have contributed to unveil a new
regulatory mechanism, underlining their extraordinary role in
advancing our understanding of cellular processes.
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Materials and Methods

SI Materials and Methods describes in detail cell lines used in this study. It
also describes culture conditions, lysate preparations including buffers used
for immunoprecipitation of ubiquitylated proteins, cycloheximide (CHX) and
proteasome inhibition treatments. Plasmids, antibodies, primers, infections
and transfections are also described.
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