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Despite the discovery of the oxygen-sensitive regulation of HIFx
by the von Hippel-Lindau (VHL) protein, the mechanisms underly-
ing the complex genotype/phenotype correlations in VHL disease
remain unknown. Some germline VHL mutations cause familial
pheochromocytoma and encode proteins that preserve their abil-
ity to down-regulate HIFa. While type 1, 2A, and 2B VHL mutants
are defective in regulating HIF«, type 2C mutants encode proteins
that preserve their ability to down-regulate HIFx. Here, we iden-
tified an oxygen-sensitive function of VHL that is abolished by VHL
type 2C mutations. We found that BIM-EL, a proapoptotic BH3-
only protein, is hydroxylated by EgIN3 and subsequently bound
by VHL. VHL mutants fail to bind hydroxylated BIM-EL, regardless
of whether they have the ability to bind hydroxylated HiFa or not.
VHL binding inhibits BIM-EL phosphorylation by extracellular
signal-related kinase (ERK) on serine 69. This causes BIM-EL to
escape from proteasomal degradation, allowing it to enhance
EgIN3-induced apoptosis. BIM-EL was rapidly degraded in cells
lacking wild-type VHL or in which EgIN3 was inactivated geneti-
cally or by lack of oxygen, leading to enhanced cell survival and
chemotherapy resistance. Combination therapy using ERK inhibi-
tors, however, resensitizes VHL- and EgIN3-deficient cells that are
otherwise cisplatin-resistant.
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on Hippel-Lindau (VHL) disease is caused by germline

mutations of the VHL gene and predisposes to a variety of
tumors, including hemangioblastoma (HB) of the retina and
nervous system, clear cell renal cell carcinoma (ccRCC; the most
common form of kidney cancer), and tumors of sympathoadrenal
origin such as pheochromocytoma (PCC)/paraganglioma (PGL)
(1). HIF« activation is necessary and sufficient for many of the
manifestations of VHL loss of function. For example, HIFa de-
regulation appears to play a causal role in VHL-defective ccRCC
and in VHL-defective HB (1). Nonetheless, a number of other
biochemical functions have been ascribed to VHL protein
(pVHL), including binding to fibronectin, collagen, protein kinase
C, and AKT (2-6). Different VHL germline mutations cause dif-
ferent organ-specific cancer risks in VHL disease (1). Type 1 VHL
disease is defined as ccRCC and HB with low risk of PCC/PGL
and is associated with disruptive mutations and gross deletions in
VHL, leading to very high HIFa expression. Type 2 VHL disease,
which is predominantly associated with VHL missense mutations,
is defined by the occurrence of PCC/PGL, either alone (type 2C)
or in combination with HBs (type 2A) or HBs and RCCs (type
2B). Some type 2C mutants retain the ability to suppress HIFa (7,
8). This suggests that PCC/PGL in type 2C VHL disease is not
caused by HIF«a activation; thus, VHL type 2C mutants would be a
powerful tool for identifying HIFa-independent VHL functions.
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We previously reported that genetic alterations, including
VHL alterations, linked to familial PCC/PGL may act by de-
creasing the activity of a 2-oxoglutarate-dependent oxygenase,
EgIN3, thereby reducing apoptosis of neural crest cells during
development (9). Furthermore, EgIN3-induced apoptosis re-
quires its hydroxylase activity, but is independent of its role in
suppressing HIFa (9). Using an unbiased genome-wide short hair-
pin RNA (shRNA) screen, we identified the candidate 1p36 tumor
suppressor KIF1Bp, which is required for EgIN3-dependent apo-
ptosis, and we and others identified loss-of-function germline
KIF1Bf mutations in subsets of PCC/PGL and neuroblastomas (10—
12). However, EgIN3 does not appear to hydroxylate KIF1B@, which
led us to search for EgIN3 proapoptotic substrates. Here, we iden-
tified the proapoptotic BH3-only protein BIM-EL as a direct EgIN3
hydroxylation substrate. BIM-EL represents an isoform of the
BCL2L11 gene. The 3 major BIM isoforms are BIM-EL, BIM-L,
and BIM-S, and all contain a BH3 domain but have different
proapoptotic potencies. We found that hydroxylation of BIM-EL,
but not BIM-L and BIM-S, enables direct VHL binding, which
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masks the phosphorylation site that is critical for BIM-EL protein
degradation. Importantly, VHL recognition of hydroxylated BIM-
EL is abolished by VHL type 2C mutations, including type 2C
mutations that do not result in HIFa stabilization. Furthermore,
reintroduction of wild-type (WT) VHL, but not type 2C VHL
mutants, into VHL™~ cells restores the ability of EgIN3 to induce
apoptosis. These studies suggest that PCC/PGLs linked to VHL
mutations are caused by defects in EgIN3-induced apoptosis because
of a failure to stabilize BIM-EL.

Results

EgIN3-Induced Apoptosis and Regulation of BIM-EL Is Hydroxylation-
and VHL-Dependent. We previously demonstrated that EgIN3 ac-
tivity is required for apoptosis when sympathetic neurons are
deprived of nerve growth factor (NGF) in vitro (9, 10). We also
confirmed that the superior cervical ganglia (SCG), which are
composed of such neurons, from postnatal day 1 (P1) mice
lacking EgIN3 are enlarged compared with their WT littermates
(Fig. 14), in keeping with a prior study (13). The proapoptotic
BCL-2 family member BIM-EL is critical for neuronal apoptosis
(14), and hypoxia’s ability to suppress apoptosis after NGF
withdrawal involves suppression of BIM-EL (15). Thus, we in-
vestigated if EgIN3 hydroxylation activity can induce BIM-EL.
We observed that BIM-EL protein was dramatically reduced
in EgIN3™~ SCG and primary mouse embryonic fibroblasts
(MEFs) compared with littermate control EgIN3** SCG and
MEFs, respectively (Fig. 1 B and C), and in neuroblastoma cells
in which EgIN3 was down-regulated with shRNA (Fig. 1D). To
understand if BIM-EL protein levels are regulated by EgIN3
hydroxylation activity, we made adenoviruses encoding WT

EgIN3 or a catalytic-dead EgIN3 mutant (H196A). BIM-EL
levels were restored in EgIN3~'~ MEFs infected with adenovi-
rus (Ad)-EgIN3-WT, but not Ad-EgIN3-H196A (Fig. 1E). Thus,
EgIN3 hydroxylation activity regulates BIM-EL protein level.

To investigate if this effect on BIM-EL was specific to
EgIN3 among the 3 EgIN paralogs, we specifically silenced
EgIN1, EgIN2, or EgIN3 in HeLa cervical carcinoma cells using
small interfering RNAs (siRNAs) (Fig. 1F and SI Appendix, Fig.
S24). BIM-EL protein levels were reduced by silencing EgIN3,
and to a much lesser extent by silencing EgIN2, but not by si-
lencing EgINI. Conversely, silencing EgINI caused the greatest
effect on HIFla, consistent with earlier studies (16), whereas
silencing EgIN3 had no measurable effect on HIFla, suggesting
specificity of function within the EgIN family members.

We next overexpressed EgIN3 in cell lines of sympathoadrenal
(PC12, rat) (SI Appendix, Fig. S14) or neuronal (U87, human)
origin (Fig. 1G) using the adenovirus described above. In these
cells, WT, but not catalytic-dead, EgIN3 induced BIM-EL and
apoptosis as measured by caspase 3 cleavage and crystal violet
staining. Moreover, the effect of EgIN3 on BIM-EL was blocked
under anoxic conditions and by the hydroxylase inhibitors
dimethyloxaloylglycine (DMOG) and FG0041 in EgIN3 primary
MEFs (Fig. 1H).

To address whether induction of BIM-EL is necessary for EgIN3
to induce cell death, we silenced BIM-EL with 2 independent
shRNAs in U87 cells (Fig. 17) or using 2 independent siRNAs in
PC12 cells (SI Appendix, Fig. S1B). Silencing BIM-EL protected
against EgIN3-induced apoptosis as measured by crystal violet
staining, caspase 3 cleavage, and nuclear fragmentation.
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transduction, cells were supplemented with medium
and maintained in culture for 1 additional week,
followed by crystal violet staining. cl, cleaved. (H)
Immunoblot of EgIN3 primary MEFs with the in-
dicated genotype upon normoxic or anoxic condi-
tions for 16 h or treated with 1 mM DMOG or 50 uM
FG0041. (I, Left) Crystal violet staining of U87 cells
stably transduced with lentiviral pLKO shRNA tar-
geting BIM (shBIM) or nontargeting control (shSCR)
and subsequently transiently transduced for 48 h
with adenovirus encoding EgIN3 or GFP control. (/,
Right) Corresponding immunoblot.
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Since we observed that BIM-EL protein abundance is dependent
on EgIN3 hydroxylase activity, we investigated if this observation is
VHL-dependent. Cre-mediated deletion of VHL in MEFs homo-
zygous for a floxed VHL allele robustly decreased BIM-EL protem
levels (Fig. 24), reminiscent of the lfoss of BIM-EL in EgIN3~
MEFs. Furthermore, reintroducing hemagglutinin (HA)-VHL
(WT) into VHL-deficient RCC cells (786-O) restored BIM-EL
protein expression (Fig. 2B) unless EgIN3 was inactivated with an
effective shRNA (Fig. 2C) or by anoxia (Fig. 2D).

Type 2C VHL mutants predispose to PCC/PGL without
grossly deregulating HIFa (7). We therefore asked if VHL type
2C mutations are loss of function with respect to BIM-EL reg-
ulation and if this is reflected in VHL-defective human PCC/
PGL. Compared with WT HA-VHL, type 2C HA-VHL (L188V
and R64P) was clearly defective with respect to BIM-EL in-
duction when reintroduced into 786-O cells desplte their ability
to repress HIF2a (Fig. 2E). Moreover, VHL ™~ 786-O cells were
resistant to EgIN3-induced apoptosis (Fig. 2F). Importantly,
reintroduction of WT VHL, but not the type 2C VHL mutant
L188V, rescued the ability of EgIN3 to induce apoptosis as
measured by crystal violet staining and caspase 3 cleavage (Fig.
2F). Consistent with the data in Fig. 1/, silencing BIM-EL also
prevented EgIN3-induced apoptosis in the context of 786-O cells
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(Fig. 2G). EgIN3 expression also caused some growth inhibition
seen in crystal violet staining 2 wk postinfection in VHL ™'~ and
mutant cells, consistent with previous reports that EgLN3 can
suppress cell proliferation (17, 18). Similar to 786-O cells, VHL
knockdown in rat PC12 PCC cells decreased BIM-EL levels (Fig.
2H) and protected against EgIN3-induced apoptosis (Fig. 2I).
Reintroduction of human HA-VHL WT, but not VHL 2C-
L188V, restored BIM-EL expression and EgIN3-induced apo-
ptosis, suggesting that EgIN3’s apoptotic function is linked to
VHL type 2C PCC/PGL pathogenesis.

Thus, we assayed BIM-EL protein level in a panel of human
primary PCC/PGL tumors that were sequenced for PCC/PGL
susceptibility genes, including VHL, and analyzed for 1p36 deletion
(12). Normal human adrenal glands were included as controls (Fig.
2J and SI Appendix, Fig. S2B). We observed low BIM-EL expres-
sion only in the PCC/PGL tumors carrying VHL mutations and
not in other PCC/PGL tumors, supporting our in vitro findings
that BIM-EL protein regulation is VHL-dependent.

EgIN3 Hydroxylates BIM-EL at the Proline®”’® Residues, Enabling
Interaction with WT VHL but Not VHL Type 2C Disease Mutants. To
test whether prolyl-hydroxylation of BIM-EL by EgIN3 is responsible
for the VHL-dependent regulation of BIM-EL abundance, we first
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Fig. 2. BIM-EL protein regulation by EgIN3 is de-
pendent on pVHL. (A) Anti-BIM-EL immunoblot of
VHL*™* and VHLFI/fl MEFs (immortalized by K1 large T
antigen) that were transiently transduced with ade-
novirus encoding Cre-recombinase (Ad-Cre) or GFP
control. GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase. (B) Anti-BIM-EL immunoblot analysis
of 786-0 VHL-null cells (7~) stably transfected to
generate WT VHL. (C) Immunoblot of 786-O cells
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0.0001). (J) Anti-BIM-EL immunoblot analysis of hu-
man normal adrenal glands and human primary PCC
and PGL tumors. VHL mutation and 1p36 status have
been characterized as indicated.
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performed EgIN3-binding studies with BIM-EL using glutathione
S-transferase (GST) pulldown assays. GST-BIM-EL bound to
33S-labeled EgIN3 produced by in vitro translation (IVT), but
not to >>S-EgIN1 or **S-EgIN2 (Fig. 34 and SI Appendix, Fig.
S34). No interaction was observed between *°S-EgIN3 and
GST-BIM-L, a shorter BIM variant missing 116 amino acids
generated by alternative splicing (Fig. 34 and SI Appendix,
Fig. S34). Thus, we investigated if BIM-EL could be hydrox-
ylated by EgIN3 and subsequently recognized by VHL.
In vitro-translated HA-BIM-EL and HA-BIM-L were HA-
immunoprecipitated and used in EgIN3 hydroxylation assays.
HA-HIF1a was tested in parallel as a positive control. HA-
BIM-EL and HIFla, but not HA-BIM-L, captured *°S-
labeled VHL after incubation with EgIN3 (Fig. 3B), suggest-
ing that EgIN3 hydroxylates proline(s) within the amino acid
region that is missing in BIM-L. EgIN3 enzymatic activity was
required for VHL binding, because BIM-EL subjected to hy-
droxylation reactions using EgIN3 catalytic-dead mutant (H196A)
failed to capture *>S-VHL (SI Appendix, Fig. S3B). Furthermore, a
pan-hydroxyproline antibody immunoprecipitated an apoptosis-

defective HA-BIM-EL apoptotic variant (BIM-EL-ABH3) from
293 cells (the apoptotic-defective variant was used to allow stable
expression) that expressed exogenously EgIN3 unless the EgIN3
was catalytically inactive or the cells were treated with DMOG
(Fig. 3C and SI Appendix, Fig. S3C).

Next, we generated different peptides within the 116-amino
acid region of BIM-EL to narrow the EgIN3-binding domain and
potential hydroxylation site (Fig. 3D). We observed **S-EgIN3
binding to biotinylated BIM-EL peptide corresponding to resi-
dues 65 to 89 (BIM-EL 65 to 89), but not to BIM-EL peptide
corresponding to residues 55 to 79 (SI Appendix, Fig. S3D).
However, despite EgIN3 binding, we could not detect binding of
VHL to BIM-EL 65 to 89 after incubation with EgIN3 (SI Ap-
pendix, Fig. S3E). This prompted us to generate a longer peptide
(40 amino acids), corresponding to BIM-EL residues 57 to 96.
This longer biotinylated BIM-EL peptide captured *>S-VHL after
the EgIN3 hydroxylation reaction, similar to that of the bio-
tinylated HIFla-peptide residues 556 to 575 (SI Appendix, Fig.
S3E). Next, we tested if BIM-EL hydroxylation is a specific
function of EgIN3 among the EgIN paralogs. Incubation of the

Fig. 3. BIM-EL is hydroxylated by EgIN3 at proline A B IP: IgG HA C P:
67/70, causing pVHL recognition. (A) Autoradiograms 1 slE 4 o s
showing recovery of **S-labeled EgIN1, EgIN2, EgIN3, = g ; s 2 z
proteins bound to GST-BIM-EL, or GST-BIM-L fusion 13 T m I|lma @ T o ' 3
proteins (with GST protein as a negative control). 3°S R 5 5’ 'U—; L £ | input > z
labeling was carried out by an IVT reaction with re- S 00 0 355_%":|E:_ I I I I B Flag-EgIN3{WT Mut| WT Mut{WT Mut
ticulocyte lysate. (B) Autoradiograms showing re-  35S-EgIN3 === = sgVHL  — - X HA-BIM-ELABH3] + + | + + ]+ +
covery of **S-labeled VHL protein bound to HA-  ssg Egini i . pp——— HA-BIM-ELABH3 M -
immunoprecipitated full-length BIM-EL, BIM-L, or 355-EgIN2 S IB'SéVI:I:; S 2 FLAG-EgIN3 S .

HIF1a that was first subjected to hydroxylation by GST pull down hydr(?xylation' 355-VHL captl;e

EgIN3 WT. IgG served as a negative control. >*S la- D '

beling was carried out by IVT with retic lysate. EQIN3, BIM-L 0 T ,

BIM-EL, BIM-L, or HIF1a was produced by cold IVT. BIM-ELI T . ,

Flag-EgIN3 expression was verified by immunoblot-
ting (I1B; 5% input). IP, immunoprecipitation. (C) Im-
munoprecipitation using antihydroxyproline antibody
(HydroxyP) from 293T cells that were transiently

peptide 55-79 GNHGGEGDSCPHGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGYFSFDT
peptide 65-89 GNHGGEGDSCPHGSPQGPLAPPASPGPFATRSPLFIFMRRSSLISRSSSGYFSFDT
peptide 57-96 GNHGGEGDSCPHGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGYFSFDT

transfected with plasmids encoding HA-BIM-EL apopto- E F ,

tic mutant (ABH3) and Flag-EgIN3 WT or catalytic-dead BIM-peptide 57-96  HIF 1o peptide |2 .

mutant (Mut). Immunoblots show coimmunoprecipita- |; HA-EgIN{- E1E2E3Muf[- E1E2E3Mut ﬁ

tion of HA-BIM-EL-ABH3. (D) Schematic representation =R5S-VHL: + + + + + 0+ + + + +]|2

of the various biotinylated synthetic BIM-EL peptides 358-VHL - - § : :

used for the EgIN3 binding and hydroxylation assays. (E) BEGNH L e e e e s o = . noos
Autoradiograms showing recovery of **S-labeled VHL HA-EQINT/2> == == o= o e e = & , b} ’ e |

protein bound to biotinylated BIM-EL-peptide 57 to HA-EgIN3-> & i 2 Ay ‘nl““\\“"j‘.lu“‘,\ . | ‘;‘\‘ 1 LUF ‘ l R

96 or HIF1a peptide 556 to 575. Before pulldown, pep-
tides were incubated with EgIN1, EgIN2, EgIN3, or EgIN3

catalytic mutant generated by IVT or unprogrammed G H <
reticulocyte lysate (-). The expression of IVT-produced 2 DegN3 mut. 2 O EgIN3 mut. < 8
EgIN proteins in each reaction was verified by immuno- £0.157 m EgIN3 wt £0.57 mEIN3 wt « << << 28
blotting. (F) MS of biotinylated BIM-EL-peptide subjected g 8 838 R G 8 |o
to an EgIN3 hydroxylation assay. Representative B EOA' ) - ; ; ; ; ; ;'L % -§
fragmentation spectra of hydroxylated biotin- %0-1 §03 BlM-peptide: . = T § @ @ > m m |5
HGSPQGPLAPP(0x)ASP(0X)GP are shown. (G) Hy- £ £ S R -
droxylation levels of proline residues 67 and 70 of El 5024 35S—VHL. S = 53
BIM-EL peptide (monohydroxylation and double EO'OS H <
hydroxylation are indicated as mono-HyP and 2HyP, g 801 BS-VHL == -
respectively) following hydroxylation with EgIN3 E0.00 & 0.00 EgIN3 -——— - - |
WT (wt) or catalytic mutant (mut.) generated via Biotin-peptide(2HyP) Bfotin-peptide(mono-HyP) hydroxylation,35S-VHL capture
IVT. The detected intensity of each hydroxylated I J

peptide was normalized to the nonhydroxylated pep- g 8 5' o
tide. (H) Autoradiograms of EgIN3 hydroxylation and ~ BIM-WT: HGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGY A 5 SI 5 & %
356.VHL capture as shown in E using biotinylated BIM- 6 UEJ 5353 E S
EL peptides containing proline-to-alanine substitutions ~ P-OH-67: HGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGY  peptide: - @ d o o T o
or no substitution (WT). (/) Schematic illustration of 3 $S-VHL: + + + 4+ 4+ + |2
synthetic biotinylated BIM-EL peptides unmodified ~ P-OH-70: HGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGY —*S-VHL — gy (C
(WT) or hydroxylated at P-OH-67, P-OH-70, and P-OH- Iz 355V HL e e i | 5

67/70. (J) Autoradiograms showing recovery of 3°5-
labeled VHL protein bound to biotinylated BIM-EL

hydroxylation; 3°S-VHL capture

% o
P-OH-67/70: HGSPQGPLAPPASPGPFATRSPLFIFMRRSSLLSRSSSGY

s sl

7 70

35S-VHL peptide binding IS

peptides with indicated hydroxyl-prolines as outlined in I. Synthetic biotinylated HIF1a peptide (residues 556 to 575) with hydroxylated proline 564 (HIF1a-P-OH)

was included as a control. Unmodified peptide is indicated as BIM-EL-WT.
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BIM-EL-peptide 57 to 96 with E%1N3, but not with EgIN1 or
EgIN2, promoted the capture of **S-VHL (Fig. 3E), consistent
with our earlier observations that regulation of BIM-EL abun-
dance (Fig. 1F) and binding to BIM-EL (Fig. 34) are dis-
tinguishing features of EgIN3. In contrast, and as previously
reported (19), the HIF1a peptide was hydroxylated in vitro by all
3 EgIN family members (Fig. 3E). Hydroxylation of the BIM-EL-
peptide 57 to 96 was confirmed by liquid chromatography-
tandem mass spectrometry (MS/MS) analysis (Fig. 3F and S/
Appendix, Fig. S3 F-I). MS confirmed that EgIN3, but not the
catalytic-dead mutant, hydroxylated prolines 67 and 70 (Fig. 3F
and SI Appendix, Fig. S3F). We detected monohydroxylated
peptide on either proline 67 (SI Appendix, Fig. S3G) or proline
70 (SI Appendix, Fig. S3H), as well as dihydroxylated peptides on
prolines 67 and 70 (Fig. 3F). In addition to proline hydroxylation,
we detected oxidation of the biotin residue, which is a common
artifact, in hydroxylation reactions containing WT EgIN3 or
catalytic-dead EgIN3 (20). The detected intensity of each proline
hydroxylated peptide was quantified and normalized to the
nonhydroxylated peptide (Fig. 3G). Peptides monohydroxylated
on proline 67 or proline 70 coeluted in the chromatography,
which prevented us from quantifying the hydroxylation of either
site individually. To understand the importance of mono- or
dihydroxylation of the respective proline residues for VHL
binding, we synthesized BIM-EL 57 to 96 peptides with the
proline-to-alanine substitutions (P60A, P63A, P66A, P67A,
P70A, P67/70A, and P66/67/70A), and measured their hydrox-
ylation by EgIN3 using the **S-VHL capture assay (Fig. 3H). The
P60A and P63A proline substitutions did not alter hydroxylation
relative to the WT peptide. In contrast, the P66A, P67A, and
P70A substitutions significantly impaired *>S-VHL capture, and
the triple substitution P66/67/70A completely abolished *>S-VHL
recognition (Fig. 3H). It is possible that the mutated P67A
peptide generates some substrate recognition for proline 66.
Jumping to neighboring lower affinity sites has been previously
observed in in vitro enzymatic assays of other posttranslational
modifications (21). In a reciprocal experiment, we synthesized
BIM-EL 57 to 96 peptides in which proline 67 (P-OH-67), pro-
line 70 (P-OH-70), or both (P-OH-67/70) were hydroxylated (Fig.
3I). As expected, all 3 hydroxylated peptides could, similar to
hydroxylated HIFla peptide (556 to 575), capture *°S-VHL
(Fig. 3J). In contrast, nonhydroxylated BIM-EL peptide
(BIM-EL-WT) did not capture **S-VHL.

Our finding that BIM-EL expression can be restored by WT
VHL, but not type 2C VHL mutants (Fig. 2E), suggested that the
latter cannot recognize hydroxylated BIM-EL. Indeed, type 2C
VHL mutants bound to a hydroxylated HIF1a peptide, but failed

A B

peptide: BIM-EL-P-OH-67/70 HIF1a-P-OH

o x ° o °

5‘ . %gzg%g‘kég Eé%”:

ol =Sxe=>S9o=ox=>50 £

“lwr _2c 2824 -IwT_2¢ 28281 - l[o
VHL|VT++++++-++++++-%_ input
®SVHL = *>P- & HAVHL e

to bind hydroxylated BIM-EL peptide (P-OH-67/70) (Fig. 44).
Type 1 and type 2A/B VHL mutants also failed to recognize
hydroxylated BIM-EL (Fig. 44). We complimented these studies
by expressing either WT HA-VHL or the corresponding type
1 or 2A/B/C VHL mutants in 786-O cells and performing pull-
down assays with immobilized BIM-EL or HIFla peptides. As
expected, WT VHL bound to the dihydroxy-BIM-EL peptide
(P-OH-67/70), but not to a nonhydroxylated BIM-EL peptide or
scrambled peptide (Fig. 4B). Consistent with our findings in Fig.
44, the type 2C VHL mutants bound to the hydroxylated HIF1a
peptide, but not to the hydroxylated BIM-EL peptide, while the
type 1 and type 2A/B VHL mutants were defective for both (Fig.
4C). Consistent with these findings, only WT VHL fully restored
BIM-EL levels when introduced into 786-O cells (Fig. 4D). In
contrast, but in keeping with prior studies, both type 2C VHL
mutants suppressed HIF2a (Fig. 4D).

VHL-Mediated Regulation of BIM-EL Protein Stability Is Dependent on
EgIN3 Enzymatic Activity. VHL stabilizes BIM-EL in RCC cells,
but the mechanism is unknown (22). Since we observed that
VHL binds to hydroxylated BIM-EL, we asked if this physical
association stabilizes BIM-EL despite VHL’s well-established
role as a component of an E3 ubiquitin ligase. The BIM-EL
sites hydroxylated by EgIN3 (P67 and P70) are near a critical
serine residue (Ser69) that dictates BIM-EL proteasomal deg-
radation upon extracellular signal-regulated kinase (ERK)
phosphorylation (23). Thus, we hypothesized that binding of
VHL to hydroxy-P67/P70 masks the S69 phosphorylation site,
and thus prevents the proteasomal degradation of BIM-EL.
First, we used the proteasome inhibitor MG132 to determine if
the loss of BIM-EL in EgIN3-knockout (KO) (~/7) primary MEFs
was due to proteasomal degradation. MG132 increased BIM-EL
protein abundance in EgIN3-KO MEFs to the level of EgIN3 WT
(*'*) MEFs (Fig. 54). An HIFla immunoblot served as a posi-
tive control to ensure MG132 activity. Likewise, MG132 treat-
ment of VHL ™™ cells (786-0) restored BIM-EL levels (Fig. 5B),
providing evidence that loss of either EgIN3 or VHL accelerates
BIM-EL proteasomal degradation. Importantly, phosphorylation
of BIM-EL on the critical Ser69 residue required for protein
turnover was markedly increased in both EgIN3~'~ MEFs (Fig.
5C and SI Appendix, Fig. S44) and VHL™'~ MEFs (Fig. 5D and
SI Appendix, Fig. S4B), consistent with the idea that EgIN3 and
VHL block Ser69 phosphorylation.

Next, we investigated if VHL interacts with endogenous BIM-
EL in 786-O cells expressing HA-VHL (WT) and if this was
dependent on EgIN3. BIM-EL was readily detected in anti-HA
immunoprecipitates of cells expressing HA-VHL unless EgIN3 was

Fig. 4. VHL disease mutations fail to recognize
proline hydroxylated BIM-EL. (A) Autoradiograms

eptide pull down

E showing recovery of 3°S-labeled VHL protein (WT) or

° g e corresponding disease mutants (as indicated) bound to

g d g biotinylated BIM-EL-peptides synthesized with double

I = = hydroxyl-prolines on prolines 67 and 70 (BIM-EL-P-OH-67/

® @@ m 70). Synthetic biotinylated HIF1a peptide (residues 556 to
ol

575) with hydroxylated proline 564 (HIF1a-P-OH [HIF1a-

BSVHL — eveseapepr —gperanglld |g Biotin —— e — P-OH]) was included as a control. An unprogrammed IVT
33-VHL peptide binding - 786-0 WT-VHL was used as a negative control. (8) Immunoblot of HA-

VHL pulldown using biotinylated BIM-EL-P-OH-67/70-

C D peptide, unmodified BIM-EL peptide (WT), or control
peptide: BIM-EL-P-OH-67/70 HIF1a-P-OH peptide (scramble) incubated with whole-cell lysate from
E N x @ o N P\: @ o S 2 WT 2 2B 24 toed - 786-O HA-VHL-expressing cells. (C) Peptide pulldown as
5.3 =538 . =530 § R —pel - shown in B using either biotinylated BIM-EL-P-OH-67/
JzoPz20EzoR 28Dk H M & o= z 2 5 Lé 3 70 peptide or biotinylated HIF1«P-OH peptide incubated
SIwr _2c 2B2A 1 -|lWT_2C 2B2A 1 - i < E g ez9 g 50 % with whole-cell lysates from 786-O cells expressing either
HA-VHL i T e e e e = BIM-EL = - HA-VHL WT or HA-VHL disease mutant. (D) Immunoblot
ZIIC I I ———— 1 ] g HIF20. e i analysis of endogenous BIM-EL and HIF2o protein ex-
HA-VHL o - e -  a 8— GAPDH e i i e e s . s i pression in 786-O cells expressing either HA-VHL WT
786-0: endogenous HA-VHL peptide binding 786-0 or HA-VHL disease mutant. GADPH, glyceraldehyde-3-
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Fig. 5. VHL regulates BIM-EL protein stability
depending on EgIN3 nzymatic activity. (A) Immuno-
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MG132
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EgIN3 ++
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MG132 (10 uM) or dimethyl sulfoxide (DMSO). GADPH, P10 1w w — .' HiFza - e S e BIM-EL e
glyceraldehyde-3-phosphate dehydrogenase. (B) Im- GAPDH il @b == GAPDH s S GIED GD GAPDH — —
munoblot of 786-O VHL-null cells (77) or stably cells EgIN3 MEFs 786-0 EgIN3MEFs
transfected to generate WT HA-VHL treated for 6 h D VHL +/+ VHL fi/fl E 10% INPUT IP: HA-VHL G IS
with the proteasomal inhibitor MG132 (10 pM) or  lenti-Cre:| -+ 1| - _+ vHL: [ wr wrl [ wr wrl 2
DMSO as a control. (C) Anti—-phospho-BIM-EL(Ser69) ~ PS69-BIM = .. shRNA: SCR SCR shE3 SCR SCR shES BIMEL- - O
immunoblot analysis of whole-cell lysates from EgIN3 BIM-EL - - w— BIM-EL | e i - - pephde:]—li s d
MEFs with the indicated genotype. (D) Anti-phospho- VHL - - - EQIN3 me ® PERKIL - > __*
BIM-EL(Ser69) immunoblot of whole-cell lysates de- GAPDH " e e ay HA-VHL _— s pS69-BIM -
rived from VHL MEFs with the indicated genotype VHL MEFs 786-0 kinase assay
transduced with lentivirus encoding either Cre-recombinase F 10% inbut P-OH-67/70 peotid
or empty control lentivirus (lenti). (E) HA-VHL immuno- GST-VHL: [ f'npf ——— EEp' e
precipitation from 786-O cells transduced with lentivirus 10% INPUT ~ _IP: HA-VHL P-ERK:| - + + | - + o+
encoding shRNA targeting EgIN3 (shE3) or scramble control VHL: -- WT L188V -/- WT L188V pS69-BIM-EL — B
(SCR). Immunoblots show coimmunoprecipitation of en- BIM-EL ™ . - - GST-VHL i -
dog(.an.ous. BIM-EL and HA—VHL exprfas.slor?. IP, immuno- HAVHL e -——an P-ERK & = ]co 1P
precipitation. (F) HA-VHL immunoprecipitation from 786-O 86.0 ERK-kinase assay

cells with stable expression of either HA-VHL WT or HA- 786-

VHL type 2C mutant (L188V). VHL-null cells (") served as a | J CHXmin: 0 10 30 60 120 240
negative control. Immunoblots show coimmunoprecipita- min 1 L1 1
tion of endogenous BIM-EL and HA-VHL expression. (G) VHL-WT (CHX) VHL-- (CHX)

ERK activity measured by using WT BIM-EL-peptide or hy-
droxylated peptide BIM-EL-P-OH-67/70 as a substrate. Pep-
tides were incubated with purified active ERK as indicated,
and kinase activity was measured by phospho-BIM-
EL(Ser69) immunoblot analysis. (H) ERK activity was mea-
sured as in G using hydroxylated BIM-EL-P-OH-67/70 pep-
tide. Before the ERK reaction, the peptide was incubated K
with purified GST-VHL as indicated. Shown is an immuno-

minf 0 10 30 60 120 40}l 0
BIM-EL e e an e o - -

EGLN3+/+ (CHX)

10 30 60 120 |

786-0O

Log, fold change
BIM-EL protein

—m= VHL -/-

0
o

EGLN3-/- (CHX) CHXmin. 0 10

blot (IB) of phospho-BIM-EL(Ser69) peptide indicating that
the presence of VHL prevents substrate recognition and
phosphorylation by ERK. (/) The 786-O VHL-null cells (Mor
stable HA-VHL WT-expressing cells were treated with
10 pg/mL cycloheximide (CHX). At the indicated time
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whole-cell lysates were prepared for immunoblot analysis HA-VHL!

at the indicated time points. (L) Quantification of the band
intensities in K. (M) Immunoblot of 786-O VHL-null (*-) cells
cotransfected with HA-VHL together with apoptotic de-
fective HA-BIM-EL-ABH3 (indicated as WT) or HA-BIM-EL-
ABH3-569A mutant. (V) Immunoblot of 786-0 VHL™" cells
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minf0 10 30 60 120 24df0 10 30 60 120 240]|
BIMELED @ @ = = & = ~ =

GAPDH=» == - —------——

WT S69A N

pS69-BIM-ABH3 e N
HA-Bim-ABH3 # S am e

Tubulin - - -

0

o
o

—+—EgIN3+/+

T YTI TR —m—EgIN3-/-

)

EgIN3 MEFs

Log, fold change
BIM-EL protein
P

I
o

DMSO _ SCH_ Ulixertinib U0126
HA-VHLI -+ 11+ -+ 1 - 4]
pS69-BIM-ELABH3 ™ == - e -

HA-BIM-ELABH3 4+ &8 e s G a5 o e

— —-— HA-VHL -—— - - —
Nl o ———
786-0 786-0

that were transiently transfected with plasmids encoding apoptotic defective HA-BIM-EL-ABH3 and HA-VHL as indicated. Twenty-four hours after transfection, cells were
treated for 24 h with the different ERK inhibitors SCH772984 (1 uM), Ulixertinib (1 M), and U0126 (10 uM).

down-regulated with an effective shRNA (Fig. 5E). Furthermore,
BIM-EL coimmunoprecipitated only with WT VHL, but not with
VHL type 2C mutant L188V (Fig. 5F). To test if VHL binding to
hydroxylated BIM-EL might block Ser69 phosphorylation, we per-
formed in vitro ERK assays. ERK activity was first measured using a
WT BIM-EL peptide or a hydroxylated BIM-EL peptide (BIM-EL-
P-OH-67/70) as an ERK substrate. Both peptides were similarly
phosphorylated by ERK in vitro as measured by phospho-BIM-EL
(Ser69) immunoblot analysis (Fig. 5G). However, preincubation
with GST-VHL prevented the hydroxylated BIM-EL peptide
(P-OH-67/70) from being phosphorylated by ERK (Fig. 5H).
To ask if EgIN3 and VHL stabilize BIM-EL protein, we
treated 786-O cells with the protein synthesis 1nh1b1t0r cyclo-
heximide. The half-life of BIM-EL was shorter in VHL ™'~ 786-O
cells compared with WT VHL (Fig. 5 I and J). Similarly, the half-
life of BIM-EL was shorter in EgIN3-KO MEFs, accompanied by
increased phosphorylation on Ser69, compared with WT MEFs
(Fig. 5 K and L). These results demonstrate that VHL and
EgIN3 specifically stabilize BIM-EL in cells by preventing
Ser69 phosphorylation. In accord with these data, we show that
exogenous expression of the apoptosis-defective mutant of BIM-
EL (HA-BIM-ELABH3) harboring the serine 69-to-alanine

17002 | www.pnas.org/cgi/doi/10.1073/pnas.1900748116

substitution (S69A) was stabilized in 786-O cells in the absence
of VHL (Fig. 5M). Furthermore, exogenous BIM-EL WT (HA-
BIM-ELABH3) protein was stabilized in VHL-null cells (786-O)
that were treated with different ERK inhibitors (Fig. 5N).

Thus, we conclude that binding of VHL to hydroxylated BIM-
EL prevents BIM-EL-Ser69 phosphorylation and degron recog-
nition, and thus allows BIM-EL to escape from proteasomal
degradation (SI Appendix, Fig. S4B).

Loss of EgIN3 or VHL Causes Cisplatin Drug Resistance. BIM protein
degradation has been linked to cisplatin resistance in cancer
therapy (24). The ccRCC cells were derived from renal epithelial
cells, which are normally cisplatin-sensitive, and yet ccRCC and
other VHL-associated neoplasms are generally resistant to che-
motherapy, including cisplatin. Thus, we investigated if loss of
EgIN3 or VHL can likewise contribute to cisplatin resistance.
Silencing of EgIN3 has been recently described in high-grade
glioma (17), and VHL loss is well characterized in ccRCC (1).
Therefore, we explored cisplatin responsiveness in isogenic 786-
(0] (VHL”Lr and VHL™") ccRCC cells, in neuroblastoma cells
(SK-N-FI) that express EgIN3 and VHL, and in primary (JM3,
IM2, KS1, KS4, KS8, G3) and the established (U87) glioblastoma
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(GBM) cell lines in which EgIN3 messenger RNA levels were
determined by RNA sequencing (25) (Fig. 64). We identi-
fied only 1 human primary GBM cell line (JM3) expressing
EgIN3. In addition, higher EgIN3 expression was observed in
human mature astrocytes compared with other normal human
tissues (24) (SI Appendix, Fig. S54), while EgIN3 expression in
the remaining primary GBM cultures was either significantly
lower or undetectable (Fig. 64). We assessed the response of
JM3 (EgIN3-positive) and KS4 (EgIN3-negative) cells to address
their response to Cisplatin. Cisplatin treatment caused a robust
induction of endogenous EgIN3 accompanied by the induction of
BIM-EL and caspase 3 cleavage in JM3 cells, but not in KS4 cells
(Fig. 6B). To understand if cisplatin resistance was caused by the
lack of functional EgIN3, we reintroduced EgIN3 into KS4 cells
using lentivirus encoding WT EgIN3 or catalytic-dead mutant
(H196A). Stable reintroduction of EgIN3 WT, but not mutant,
caused a marked increase of BIM-EL protein in KS4 cells that
was further induced by cisplatin, leading to sensitization of these
cells to cisplatin-induced apoptosis (Fig. 6C). Although catalytic-
dead EgIN3 failed to rescue BIM-EL protein expression in un-
treated cells, it did cause a modest induction of BIM-EL in the
presence of cisplatin. The significance of this finding is not clear,
but it could reflect a hydroxylase-independent function of
EgIN3 that is unmasked by cisplatin (Fig. 6C). Nonetheless, the
cells expressing EgIN3 catalytic-dead mutant remained resistant
to cisplatin-induced apoptosis (Fig. 6C).

Similarly, lowering EgIN3 levels in IM3 cells (S Appendix, Fig.
S5B) or SK-N-FI cells (SI Appendix, Fig. S5C) with an effective
shRNA lowered BIM-EL levels and conferred cisplatin re-
sistance (SI Appendix, Fig. S5C). Furthermore, reintroducing
HA-VHL into VHL™~ 786-O cells restored the ability of cis-
platin to induce BIM-EL and apoptosis in these cells (Fig. 6D).

Next, we tested if EgIN3-null or VHL-null cells can be sensi-
tized to cisplatin-induced apoptosis in combination with ERK
inhibitors. BIM-EL expression was restored to that of EgIN3 WT
expressing KS4 glioma cells 24 h after treatment with various
ERK inhibitors (SI Appendix, Fig. S5D). Despite BIM-EL in-
duction in EgIN3-null or EgIN3-H196A mutant cells, ERK in-
hibitor alone caused significant apoptosis only in EgIN3 WT-
expressing cells (Fig. 6 E and F). Combined treatment of cis-
platin and ERK inhibitor caused apoptosis, irrespective of EgIN3
status (Fig. 6 E and F), without showing any further increase of
BIM-EL protein compared with ERK inhibitor alone. Similarly,
treatment of VHL-null cells with ERK inhibitor alone did not
cause apoptosis, despite BIM-EL induction (Fig. 6 G and H), but
did so when combined with cisplatin (Fig. 6G and SI Appendir,
Fig. S5E). Thus, highly efficient killing by BIM-EL induced by
ERK inhibitors in cells lacking EgIN3 or VHL requires one or
more collateral signals that can be provided by Cisplatin.

Discussion

The canonical function of VHL is to ubiquitinate hydroxylated
HIFa for proteasomal degradation. HIFa deregulation can cause
PCC and PGL, as evidenced by gain-of-function HIF2« and loss-
of-function EgIN1 mutations in rare familial cases. However, the
mechanisms underlying the complex genotype/phenotype corre-
lations in VHL disease cannot be explained by HIF« regulation.
VHL type 2C mutations are not related to HIFa activation and
preserve their ability to down-regulate HIFa (7, 8). Here, we
identified an oxygen-sensitive function of pVHL that is abolished
by VHL type 2C mutations. We identified BIM-EL as a direct
EgIN3 hydroxylation substrate and that hydroxylated BIM-EL is
bound and stabilized by binding to VHL, but not by VHL type
2C mutants. BIM-EL hydroxylation on P67 and P70 is in near
proximity to the critical serine 69, which dictates BIM-EL pro-
teasomal degradation upon ERK phosphorylation (23). We ob-
served that pVHL binds to hydroxylated BIM-EL at P67/P70 and
prevents ERK phosphorylation on serine 69, leading to BIM-EL
protein stabilization. Indeed, low BIM-EL expression in the
PCC/PGL tumors carrying VHL mutations confirms that BIM-
EL protein regulation is VHL-dependent.

Li et al.

We previously reported that EgIN3 hydroxylase activity is
linked to PCC pathogenesis through regulation of apoptosis
during sympathoadrenal development, which is independent of
HIFa hydroxylation (9). Here, we identified that VHL loss
causes resistance to EgIN3-induced apoptosis and that this can
be restored by WT VHL, but not by VHL type 2C mutants.
Furthermore, we found that EgIN3-induced apoptosis requires
hydroxylation of BIM-EL, which, in turn, allows for VHL rec-
ognition of the protein, thus leading to BIM-EL protein stabili-
zation. Bim deletion has been reported to cause protection
against developmental and induced neuronal apoptosis in both
central and peripheral neuron populations (14). Furthermore,
inhibition of NGF deprivation-induced death by low oxygen
levels during sympathetic neuronal development involves sup-
pression of BIM-EL (15). By identifying BIM-EL as a direct
EgIN3 hydroxylation substrate, we provide the missing mechanistic
link between VHL type 2C PCC mutations, EgIN3 hydroxylase
activity, and escape from apoptosis during sympathoadrenal
development.

Thus, our work provides insights as to why VHL type 2C
mutations contribute to PCC/PGL pathogenesis. We identified a
biochemical activity that is lost by type 2C pVHL mutants,
leading to a loss of BIM-EL. Moreover, this biochemical activity
affects neuronal apoptosis after NGF withdrawal, as do many of
the other PCC/PGL-associated genes. Therefore, the law of
parsimony suggests that dysregulation of BIM-EL contributes to
the pathogenesis of PGLs caused by VHL mutations (including
type 2C mutations). Nonetheless, type 2C mutants have also
been shown to be defective with respect to other biochemical
properties, including fibronectin and collagen binding (2-4). It is
possible that these other biochemical properties are relevant to
PGL as well.

Why a germline type 1 VHL mutation (deleterious mutants)
seldomly causes PCC/PGL despite BIM-EL reduction has not
been addressed in this work. However, we predict that complete
loss of VHL during sympathoadrenal development is not toler-
ated, and thus does not result in PCC/PGL outcome. This ar-
gument is in line with observations in VHL conditional KO
studies in mice (Tyrosine Hydroxylase [TH]-Cre), which show
that loss of VHL during development results in the disappear-
ance of catecholaminergic cells (26), in contrast to conditional
TH-EgIN1¥© mice, which display hyperplasia in the carotid body
(27). This suggests that unknown VHL functions are required for
the formation of the sympathoadrenal cell lineage, and that
complete loss of VHL (type 1) therefore might not be permissive
in PCC/PGL pathogenesis. In contrast, in missense mutated
VHL cells, reduction of BIM-EL protein might not impair the
formation of the sympathoadrenal lineage. Instead it provides a
mechanism to escape developmental apoptosis independent of
HIFa regulation contributing to PCC/PGL. Our observation that
all VHL-mutated PCC/PGL tumors show reduced BIM-EL ex-
pression in contrast to other non—-VHL-mutated PCC/PGL tu-
mors supports this. However, that would not exclude other VHL
substrates contributing to VHL-related PCC.

Evading apoptosis is a hallmark of cancer. Every VHL muta-
tion we have examined to date, whether type 1 or type 2, leads to
loss of BIM-EL. It is therefore likely that loss of BIM-EL con-
tributes to the pathogenesis of VHL-related neoplasms other
than PGLs, including ccRCC and HB, as well as their charac-
teristic insensitivity to chemotherapy. In this regard, cisplatin
damages renal epithelial cells, leading to renal dysfunction, and
yet is inactive against ccRCCs. We showed that loss of VHL, and
subsequent down-regulation of BIM-EL, renders ccRCC cells
insensitive to cisplatin. Thus, we further investigated the role of
EgIN3 during the cisplatin response. Cisplatin treatment induced
EgIN3 in VHL WT-expressing cells, accompanied by BIM-EL
induction and apoptosis, whereas EgIN3-silenced neuroblastoma
cells or VHL-null ccRCC cells were resistant. Reintroduction of
WT VHL, but not type 2C VHL mutants in ccRCC cells, re-
stored sensitivity. We also studied resistance to cisplatin in high-
grade glioma cells, since Eg/N3 has been reported to be silenced
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Fig. 6. Loss of EgIN3 or VHL contributes to cisplatin drug resistance. (A) Expression levels of EgIN3, as represented by RPKM values, in human high-grade GBM
cells JM3, JM2, KS1, KS4, KS8, and G3) and the human U87 glioma cell line. Data are shown as mean + SEM (***P < 0.001). mRNA, messenger RNA. RPKM,
reads per kilobase million. (B) Crystal violet staining and immunoblot analysis of human GBM JM3 (EgIN3-positive) and KS4 (EgIN3-negative) cells treated with
cisplatin (Cispl; 5 uM) for 48 h. For crystal violet staining, cells were maintained in culture for an additional 5 d. Imnmunoblot analysis was performed 48 h after
cisplatin treatment. cl, cleaved; GADPH, glyceraldehyde-3-phosphate dehydrogenase. (C) Crystal violet staining and immunoblot analysis of KS4 cells stably
transduced with lentivirus encoding Flag-EgIN3 WT, catalytic dead mutant (H196A), or empty control. Stable clones were treated with cisplatin (5 pM) as
indicated. Immunoblotting was performed 48 h after cisplatin treatment. For crystal violet staining, cells were maintained for an additional 5 d in culture. (D)
Crystal violet staining and immunoblot analysis of 786-O cells with the indicated VHL status. Cells were treated with cisplatin once (5 pM). Immunoblotting
was performed 72 h after cisplatin treatment. For crystal violet staining, cells were maintained in culture for an additional 4 d. (E) Crystal violet staining of
KS4 stably transduced cells as in C and treated once with cisplatin (5 pM), Erk inhibitor SCH772984 (SCH; 5 uM), or a combination (comb) of these 2 drugs as
indicated. For crystal violet staining, cells were maintained for 1 wk. DMSO, dimethyl sulfoxide. (F) Corresponding immunoblot shown in 48 h posttreatment.
Cisp, cisplatin. Crystal violet staining (G) and a corresponding immunoblot (H) of stable 786-O cells treated once with cisplatin (5 pM), ERK inhibitor SCH772984
(SCH; 1 uM), or a combination of both as indicated for 72 h are shown. For crystal violet staining, cells were maintained for 7 d.
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during glioma progression (17). We observed that EgIN3-
silenced GBM cells were cisplatin-resistant, but sensitized upon
reintroduction of WT EgIN3. In line with our observations, other
studies also reported that EgIN3 and BIM-EL are required for
successful proapoptotic activity of various DNA damage-
inducing chemotherapeutical agents (28, 29). By unraveling the
precise molecular mechanism of BIM-EL stabilization by VHL
and EgIN3, we provide further insights into the chemoresistance
that is typical of tumors lacking VHL or oxygen. Thus, restora-
tion of BIM-EL protein by combination therapy using ERK in-
hibitors together with Cisplatin might provide a promising
approach for cancer therapy (SI Appendix, Fig. S5F).

Methods

Cell Culture. Human neuroblastoma cell line SK-N-FI and the rat PCC cell line
PC12 were maintained as previously described (10, 30). Human GBM cell line
U87 was maintained in Dulbecco’s modified Eagle’s medium (DMEM) (1 g/L
glucose) containing 10% fetal bovine serum (FBS). MEFs and a human RCC
cell line (786-0) were cultured in DMEM (4.5 g/L glucose) containing 10%
FBS in 5% CO, at 37 °C. The 786-0O, SK-N-FI, and PC12 cell lines were pur-
chased from the American Type Culture Collection. VHLfl/fl immortalized
MEFs have been previously described (31), containing a blasticidin resistance
cassette and directing the expression of large T antigen K1 (K1 T antigen
inactivates p53, but not retinoblastoma protein, pRB). Human primary GBM
cell cultures were established as previously described (25).

EgIN3 KO Mice. Generation of the EgIN3 mouse strain is described by Schlisio
et al. (10). P1 superior cervical ganglia dissection of EgIN3 pups is described
by Fell et al. (32).

Human Tissue Specimen. PCC and abdominal PGL samples were collected from
patients operated on and diagnosed at the Karolinska University Hospital
(Stockholm, Sweden), and previously characterized for mutations in 14 pro-
posed PCC/PGL susceptibility genes (12) (SI Appendix, Fig. S2). Four histo-
logically confirmed normal adrenal glands from deidentified patients were
included as controls. VHL mutations in samples 21, 25, 96, and 108 have been
previously described (12):

Sample 21: Diagnosed with cerebellar HB and PCC the same year. This was
a syndromic VHL patient with a germline VHL mutation: ¢217C > T
p.GIn73X (frameshift mutation resulting in truncated VHL, type 1). Please
note that this sample has a truncating mutation. The risk of developing
PCC in VHL type 1 patients is not 0, but lower than for type 2 patients.

Sample 25: Diagnosed with PCC at the age of 13 y with normal epineph-
rine and norepinephrine levels and no evidence of metastasis or relapse
and no additional tumors. This was a syndromic VHL patient with a germ-
line VHL mutation: ¢.193T > G p.Ser65Ala.

Sample 96: PCC, with trichoepithelioma 8 y earlier (benign skin lesion).
This was an apparently sporadic patient (no VHL syndrome) with a so-
matic VHL mutation. Mutations identified in sample 96 are as follows:
EgINT ¢.799G > A p.Glu267Lys + SDHA c.223C > T p.Arg75X + VHL
¢.386T > C p.Leu129Pro.

Sample 108: PGL in 1998, basal cell carcinoma of the skin in 2013, and
follicular lymphoma in 2018. This was an apparently sporadic patient
(no VHL syndrome) with a somatic VHL mutation: VHL ¢.593T >
G p.Leu198Arg.

Ethical Considerations. Human samples (normal tissues, PCCs, and PGLs) are
covered by an existing ethical approval (Drn 01-136, Karolinska Institutet [KI]
forskningsetikkommitté Nord). Human GBM tissue specimens were collected
via surgical resection under ethical permit KI 02-254 (22) or 2013/576-31,
issued by the Ethical Review Board at the KI, in accordance with the Dec-
laration of Helsinki. All samples were obtained following informed patient
consent. All animal experiments were performed in accordance with
Swedish animal welfare laws authorized by the Stockholm Animal Ethics
Committee (Dnr 7694/17).

Peptide Pulldown Assay. Streptavidin beads were incubated with biotinylated
peptides (synthesized by peptides&elephants GmbH) and rotated for 1 h at
room temperature. The 3*S-VHL produced by IVT was captured as previously
described (9). For pulldown assays using VHL-expressing 786-O cells, conju-
gated streptavidin beads with biotinylated peptides were incubated with
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786-0 cell lysate overnight at 4 °C with rotation. Samples were then washed
4 times with immunoprecipitation wash buffer (0.5% Nonidet P-40, 150 mM
NacCl, 10 mM Tris-HCl) and eluted with 30 puL of Laemmli buffer, boiled for
5 min, and centrifuged at 8,000 x g for 30 s. Eluted supernatant was sub-
jected to immunoblot analysis.

Peptide Hydroxylation and **S-VHL-Binding Assay. FLAG-EgIN1/2/3 and VHL
were produced by in vitro transcription/translation reactions (IVT) using TnT
T7 Quick Master Mix. BIM-EL (1 pg) and HIF1a (1 pg) biotinylated peptides
were conjugated with streptavidin agarose beads in 1 mL of phosphate-
buffered saline (PBS) at room temperature with rotation for 1 h. The bead
pellet was washed twice with PBS and once with hydroxylation buffer
(40 mM Hepes [pH 7.4], 80 mM KCl). The pellet was resuspended with 300 pL
of hydroxylation reaction buffer supplemented with 100 pM FeCl,, 2 mM
ascorbate, and 5 mM 2-oxolgutarate. Fifteen microliters of IVT-synthesized
EgIN was added to start the hydroxylation reaction. The hydroxylation re-
action was processed for 2 h at room temperature with rotation. Five hun-
dred microliters of EBC lysis buffer (50 mM Tris [pH 8.0], 120 mM Nacl, 0.5%
Nonidet P-40) was added to the reaction buffer to stop the hydroxylation; 15 pL
of IVT-synthesized 3°S radioactive-labeled VHL was subsequently added,
and this mixture was incubated overnight. Samples were centrifuged at
8,000 x g for 30 s and washed 5 times with wash buffer (0.5% Nonidet P-40,
150 mM Nacl, 10 mM Tris-HCl). Bound protein complexes were eluted with
30 pL of Laemmli buffer, boiled for 5 min, and centrifuged at 8,000 x g for
30 s. Eluted supernatant was analyzed by immunoblotting.

Full-Length BIM-EL Hydroxylation and *S-VHL Capture. EgIN3 WT, EgIN3 mu-
tant, 3°s-VHL, and BIM-EL were produced by in vitro transcription/translation
(IVT) reactions using TnT T7 Quick Master Mix. In vitro-translated BIM-EL was
added to 300 pL of hydroxylation reaction buffer supplemented with 100 pM
FeCl,, 2 mM ascorbate, and 5 mM 2-oxoglutarate. Fifteen microliters of
unprogrammed reticulocyte lysate, IVT-synthesized WT EgIN3, or EgIN3
mutant was added to start the hydroxylation reaction. The hydroxylation
reaction was processed for 2 h at room temperature with rotation. Five
hundred microliters of EBC buffer was added to the reaction buffer to stop
the hydroxylation reaction. Fifteen microliters of IVT-synthesized 3°S-VHL
was added, and this mixture was incubated for 2 h at room temperature
with rotation. BIM-EL was immunoprecipitated with anti-BIM-EL antibody
overnight at 4 °C with rotation and captured with protein G beads. The bead
pellet was then washed 5 times with immunoprecipitation wash buffer
(0.5% Nonidet P-40, 150 mM NacCl, 10 mM Tris-HCI). Bound protein com-
plexes were eluted with 30 pL of Laemmli buffer, boiled for 5 min, and
centrifuged at 8,000 x g for 30 s. Eluted supernatant was analyzed by im-
munoblot or 3°S autoradiography.

Peptide Hydroxylation Assay and MS Analysis. The hydroxylation assay with
BIM-EL peptide was performed as described above. After hydroxylation, BIM-
EL peptide-conjugated beads were washed 1 time with hydroxylation buffer
and 3 times with immunoprecipitation buffer without detergent. Samples
were processed as described by Rodriguez et al. (20). Biotinylated peptides
were digested with chymotrypsin and directly analyzed by MS. Peptides
were analyzed on a Q-Exactive mass spectrometer connected to an Ultimate
Ultra3000 chromatography system incorporating an autosampler (both from
Thermo Fisher Scientific). Proteolytic or synthesized peptides for each sam-
ple (5 pL) were applied to a home-made column (250-mm length, 75-um
inside diameter; packed with 1.8 pm of UChrom C18) and separated using
a 40-min reverse-phase acetonitrile gradient (5 to 70% [vol/vol] acetonitrile)
with a 250-nL-min~" flow rate. The mass spectrometer was operated in
positive ion mode with a capillary temperature of 220 °C and a 2,000-V
potential applied to the column. Variable modifications were N-terminal
biotin, N-terminal biotin hydroxylation, and proline hydroxylation.

Expression Plasmids, shRNA, and siRNAs. pcDNA3 Flag-EgIN3, Flag-H196A-
mutant, and pcDNA3-VHL (including VHL-missense mutations) have been
described previously (9). pcDNA3 HA-BIM-EL (mouse) and pcDNA3 HA-BIM-
EL apoptotic mutant (rat BIM-ELABH3) were kind gifts from Stanley J.
Korsmeyer, Dana-Farber Cancer Institute. The rat BIM-ELABH3 has a muta-
tion in the BH3 domain, L'*°RRIGDEFN'®®, mutated to A'*°RRIAAEFN'®S,
Amino acid numbering refers to the rat BIM-EL sequence. The rat BIM-
ELABH3_S65A mutant was made using a site-directed mutagenesis kit
(Agilent Technologies). The rat BIM-EL serine 65 residue corresponds to the
human BIM-EL serine 69 residue. GST-BIM-EL and GST-BIM-L were kind gifts
from the S. Cook laboratory, Babraham Institute, Cambridge, UK. Lentivirus
encoding FLAG-EgIN3 and FLAG-EgIN3-H196A was generated in 293FT cells
as previously described (10). siRNAs targeting EgIN1, EgIN2, or EgIN3 have
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been previously described and validated (33). Lentivirus encoding shRNAs
targeting BIM and EgIN3 were generated using the pLKO.1 plasmid using
the following sequences: human BIM-EL#54 5-CCGGAGCCGAAGACCA-
CCCACGAATCTCGAGATTCGTGGGTGGTCTTCGGCTTTTTT-3’; human BIM-
EL#77 5-CCGGGACCACCCAC GAATGGTTATCC-TCGAGGATAACCATTCGTGGG-
TGGTCTTTTTG-3; human EgIN3 5'-CCGGGTTC-TTCTGGTCAGATCGTAGCTC-
GAGCTACGATCTGAC CAGAAGAACTTTTTG-3".

Phospho-ERK Activity Assay. One microgram of biotinylated hydroxylated
BIM-EL-peptides was conjugated with streptavidin agarose beads in 1 mL of
PBS at room temperature with rotation for 1 h. The bead pellet was washed
3 times with PBS and resuspended with 500 pL of PBS supplemented with 1 pg
of purified GST-VHL protein for 2 h at room temperature. Samples were
centrifuged at 8,000 x g for 30 s, washed 3 times with PBS, and resuspended
with 40 pL of assay dilution buffer | [ADBI; 20 mM 3-(N-morpholino)
propanesulfonic acid (pH 7.2), 25 mM B-glycerol phosphate, 5 mM ethyl-
ene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid , 1 mM sodium
orthovanadate, 1 mM dithiothreitol] supplemented with 10 uL of Mg?*/
adenosine 5'-triphosphate (ATP) mixture (75 mM magnesium chloride,
500 pM ATP in ADBI) and 200 ng of purified phospho-ERK (14-173; Merck
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boiled for 5 min, and centrifuged at 8,000 x g for 30 s. Eluted supernatant
was analyzed by immunoblotting using phospho-specific BIM antibody
(p-Ser69 [D7E11]).

BIM-EL Half-Life. The 786-O cells were cultured in 6-well plates in 2 mL of
DMEM to reach 50% confluency. Cells were treated with 10 pM cyclohexi-
mide at the indicated times, harvested, and lysed in 150 uL of EBC lysis
buffer. Lysates were analyzed by immunoblotting with rabbit anti-BIM-EL
antibody. ImageJ densitometry analysis was performed to quantify BIM-EL
expression and determine protein half-life.
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