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pVHL, the protein product of the von Hippel-Lindau (VHL) tumor suppressor gene, is a ubiquitin ligase that targets hypoxia-
inducible factor o (HIF-a) for proteasomal degradation. Although HIF-« activation is necessary for VHL disease pathogenesis,
constitutive activation of HIF-o alone did not induce renal clear cell carcinomas and pheochromocytomas in mice, suggesting
the involvement of an HIF-a-independent pathway in VHL pathogenesis. Here, we show that the transcription factor B-Myb is a
pVHL substrate that is degraded via the ubiquitin-proteasome pathway and that vascular endothelial growth factor (VEGF)-
and/or platelet-derived growth factor (PDGF)-dependent tyrosine 15 phosphorylation of B-Myb prevents its degradation. Mice
injected with B-Myb knockdown 786-O cells developed dramatically larger tumors than those bearing control cell tumors. Mi-
croarray screening of B-Myb-regulated genes showed that the expression of HIF-«a-dependent genes was not affected by B-Myb
knockdown, indicating that B-Myb prevents HIF-a-dependent tumorigenesis through an HIF-a-independent pathway. These
data indicate that the regulation of B-Myb by pVHL plays a critical role in VHL disease.

biquitin-mediated proteolysis by the 26S proteasome plays

an important role in the elimination of short-lived proteins
(1), including those involved in cell cycle progression, cellular
signaling in response to environmental stress or extracellular li-
gands, morphogenesis, secretion, DNA repair, and organelle bio-
genesis (2, 3). The pathway consists of two key steps, namely, the
covalent attachment of multiple ubiquitin molecules to a target
protein and the degradation of the ubiquitinated protein by the
26S proteasome complex. Several components act in concert to
attach ubiquitin to a target protein, including a ubiquitin-activat-
ing enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a
ubiquitin-protein isopeptide ligase (E3). E3 is directly responsible
for substrate recognition. On the basis of structural similarity, E3
enzymes are classified into three families: the HECT (homologous
to E6-AP COOH terminus) family, the U-box family, and the
RING finger-containing protein family.

The elongin B and C-Cul2 or Cul5-SOCS box protein (ECS)
family belongs to the cullin RING ligase (CRL) superfamily (4).
pVHL, the protein product of the von Hippel-Lindau (VHL) tu-
mor suppressor gene, is a member of the ECS family. pVHL forms
a complex with elongins B and C, Cul2, and the RING finger
protein Rbx1 (5, 6). The CRL2PVH" complex has ubiquitin ligase
activity and targets the hypoxia-inducible factor o (HIF-o) family
of transcription factors (HIF-1 to -3a) for proteasomal degrada-
tion (7). At normal oxygen levels, proline residues in the LXXLAP
sequence motif of HIF-a proteins are hydroxylated by three prolyl
hydroxylases (PHD]1 to -3), and an in-depth study revealed that
PHD?2 is a critical enzyme for the hydroxylation of HIF-1a (8, 9).
Hydroxylated HIF-« is targeted by pVHL for polyubiquitination
and proteasomal degradation (10-12). Under conditions of hyp-
oxia (low oxygen level), HIF-a is not hydroxylated by PHDs and is
therefore not recognized or targeted for degradation by pVHL.
The unhydroxylated HIF-o dimerizes with constitutively ex-
pressed HIF-1p3, also known as an aryl hydrocarbon receptor nu-
clear translocator (ARNT), and translocates to the nucleus, where
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itinduces the transcription of downstream target genes, including
the genes coding for vascular endothelial growth factor A
(VEGFA), solute carrier family 2 member 1 (SLC2A1; also known
as GLUT1), and platelet-derived growth factor (PDGF) (13). Loss
of functional pVHL protein prevents the O,-dependent degrada-
tion of HIF-q, resulting in constitutive expression of HIF-depen-
dent genes and VHL disease, which is characterized by a variety of
lesions, including hemangioblastomas, renal clear cell carcino-
mas, pheochromocytomas, pancreatic islet cell tumors, endolym-
phatic sac tumors, and papillary cystadenomas of the broad liga-
ment (females) and epididymis (males) (13).

Studies showing that heterozygous pVHL '/~ mice are pheno-
typically normal and VHL ™/~ mice die at embryonic day 10.5
(E10.5) to E12.5 (14), together with the existence of many pVHL-
interacting proteins (13), and the fact that constitutive activation
of HIF-a alone is not sufficient for the development of renal clear
cell carcinomas and pheochromocytomas in mice (15) suggest the
involvement of an HIF-a-independent pathway in VHL patho-
genesis.

The v-Myb myeloblastosis viral oncogene homolog (avian)-
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like 2 gene (MYBL2 [B-Myb]) encodes a transcription factor in-
volved in the regulation of cell cycle progression, differentiation,
and apoptosis (16). The Myb gene family consists of three mem-
bers, namely, A-Myb, B-Myb, and c-Myb, which share a highly
conserved DNA-binding domain and bind to the consensus se-
quence PyAACNG, although they have different biological roles
(17). Mammalian A-Myb and c-Myb are expressed in restricted
cell types and stages of development; however, B-Myb was found
to be expressed in all proliferating cells analyzed (18). A-Myb
plays a critical role in spermatogenesis and mammary gland de-
velopment (19). c-Myb regulates the proliferation and differenti-
ation of hematopoietic stem and progenitor cells (20). B-Myb is a
cell cycle-regulated protein that is maximally induced at the G,/S
boundary and during S phase (16). Cyclin A/cdk2 phosphorylates
and activates B-Myb (21), and phosphorylated B-Myb is poly-
ubiquitinated and degraded by ectopically overexpressed ubiqui-
tin ligase Skp2 (22). Although B-Myb is highly expressed at the
G,/S boundary and during S phase, it regulates the G,/M transi-
tion (23). Further studies showed that B-Myb is involved in chro-
mosomal condensation and stability (24). B-Myb forms a com-
plex with clathrin and filamin, and this complex is required for the
normal localization of clathrin, which stabilizes kinetochore fi-
bers, at the mitotic spindle (25). Among Myb family members,
only B-Myb is expressed in embryonic stem (ES) cells, and B-
Myb-deficient mice die at an early stage of development, at ap-
proximately E4.5 to E6.5 (26). Knockdown of B-Myb in ES cells
results in delayed G,/M transition, severe mitotic spindle and cen-
trosome defects, and aneuploidy (27). Furthermore, knockdown
of B-Myb results in the downregulation of OCT3/4 and thereby
the differentiation of ES cells (27).

In the present study, B-Myb was identified as a substrate of the
pVHL ubiquitin ligase complex, which targets it for degradation
via the ubiquitin-proteasome pathway. VEGF-dependent tyrosine
15 phosphorylation of B-Myb prevented its degradation, and B-
Myb knockdown 786-0 cells generated larger tumors in vivo than
control cells, indicating that B-Myb prevents tumorigenesis. Mi-
croarray screening showed that the expression of HIF-a-depen-
dent genes was not affected by B-Myb knockdown. These data
suggested that B-Myb functions via an HIF-a-independent path-
way to regulate VHL pathogenesis.

MATERIALS AND METHODS

Plasmid construction. Human A-Myb (GenBank/EBI accession no.
NM_001144755.2), B-Myb (GenBank/EBI accession no. NM_002466.2),
and pVHL (GenBank/EBI accession no. NM_000551.3) cDNAs were am-
plified by PCR from a 293T ¢DNA library and introduced into pcDNA3-
puro or pMX-puro. c-Myb (GenBank/EBI accession no. NM_005375.3)
was amplified by PCR from a human thymus ¢cDNA library and contains
a deletion of 48 to 71 amino acids, which is considered an isoform.

Knockdown. Knockdown of B-Myb and Skp2 was performed as de-
scribed previously (28). The target sequences for B-Myb#1 and B-Myb#2
were 5'-GACAATGCTGTGAAGAATCAC-3" and 5'-GTCTGTCCTTCC
TGGATTCCT-3', respectively, and those for Skp2#1 and Skp2#2 were
5'-AAGGGAGTGACAAAGACTTTG-3" and 5-GCATGTACAGGTGG
CTGTT-3', respectively. Knockdown of pVHL or HIF-1a was performed
as described previously (29, 30).

Reagents. CoCl,, cycloheximide, anti-FLAG-M2-agarose, and FLAG
peptide were purchased from Sigma (St. Louis, MO). Protein A-Sephar-
ose was purchased from GE Healthcare Bioscience (Piscataway, NJ) and
MG132 from Calbiochem (San Diego, CA). The receptor tyrosine kinase
inhibitor set (PKI-RTKSET-250) was purchased from Biaffin GmbH &
Co. KG (Kassel, Germany). Recombinant human VEGF165 was pur-
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chased from Humanzyme (Chicago, IL). Bafilomycin A1 was purchased
from Wako (Tokyo, Japan).

Cell culture and transfection. The 293T and 786-O cell lines were
cultured as described previously (31); 293T cells were transfected using
polyethyleneimine. Retrovirus infection was performed as described pre-
viously (31).

Cell fractionation. Harvested cells were washed with phosphate-buft-
ered saline (PBS) and resuspended in 0.1 ml of swelling buffer (10 mM
Tris-HCI, 2 mM MgCl,, pH 7.4) and incubated for 5 min on ice. Then, 0.1
ml of lysis buffer (10 mM Tris-HCI, 2 mM MgCl, 1% Triton X-100 and
protease inhibitor cocktail [Roche, Indianapolis, IN], pH 7.4) was added,
and the buffer was mixed gently, followed by incubation on ice for 5 min.
After being pipetted three times, samples were centrifuged for 10 min at
4,000 rpm. The supernatant was collected as the cytosolic fraction. Pellets
were washed with 0.1 ml of swelling buffer twice and resuspended in 0.1
ml of extraction buffer (20 mM HEPES-KOH, 150 mM NaCl, 2 mM
EDTA, 1 mM dithiothreitol [DTT], 10% glycerol, 1% Triton X-100 and
protease inhibitor cocktail [Roche], pH 7.6) and incubated on ice for 5
min, followed by centrifugation for 10 min at 15,000 rpm. The superna-
tant was collected as the nuclear fraction.

IP and IB analyses. Immunoprecipitation (IP) and immunoblot (IB)
analyses were performed as reported previously (31).

qPCR analysis. Quantitative PCR (qPCR) analysis was performed
with a StepOne Plus instrument (Applied Biosystems, Foster City, CA)
and KAPA SYBR Fast qPCR kit (Kapa Biosystems, Woburn, MA). The
primer sequences were as follows: human B-Myb, 5'-AGTCTCTGGCTC
TTGACATTG-3" and 5'-GGGTGAGGCTGGAAGAGTTTG-3'; human
complement factor B (CFB), 5-AAAGCTCTGTTTGTGTCTGAG-3’
and 5'-ATGTCCTTGACTTTGTCATAG-3'; human FK506 binding pro-
tein 1B (FKBP1B), 5'-GGTTGCAGATTGAAGCATTTC-3" and 5'-GGC
AGTGTAGATTGTGCGAAC-3'; human septin 6 (SEPT6), 5'-TGTCAG
CAACGGAGTCCAGAT-3" and 5'-GTGCTGCCAATGACAGCAAAC-
3’; and human GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
5'-GCAAATTCCATGGCACCGT-3" and 5'-TCGCCCCACTTGATTTT
GG-3'.

Antibodies. Antibodies against FLAG (M2; 1 pg/ml [Sigma]), hem-
agglutinin (HA) (12CA5; 1 wg/ml), B-Myb (sc-81192; 1 pg/ml [Santa
Cruz Biotechnology, Santa Cruz, CA]), HIF-2a (sc-13596; 1 pg/ml [Santa
Cruz Biotechnology]), HIF-1 (sc-17812; 1 ng/ml [Santa Cruz Biotech-
nology]), Skp2 (32-3400; 1 pg/ml [Invitrogen, Carlsbad, CA]), phospho-
tyrosine (610000; 1 pwg/ml [BD Transduction Laboratories, MD]), phos-
pho-histone H3.1 (GTX50231; 1 pwg/ml; [GeneTex, Irvine, CA]), VEGF
receptor 1 (VEGFR1) (sc-316; 1 pg/ml [Santa Cruz Biotechnology]),
PDGFRa (D13C6; 1,000 dilution [Cell Signaling Technology, Chiyoda,
Japan]), B-actin (AM4302; 1 png/ml [Applied Biosystems]), Hsp70
(610607; 0.2 pg/ml [BD Transduction Laboratories]), and Hsp90
(610419; 0.2 wg/ml [BD Transduction Laboratories]) were used. Rabbit
anti-pVHL antibody was generated using recombinant pVHL, which was
purified from Escherichia coli by Ni-nitrilotriacetic acid (Ni-NTA)-aga-
rose (Invitrogen). Anti-pVHL antibody was further purified by glutathi-
one S-transferase (GST)-fused pVHL. All antibodies were diluted with
PBS, except anti-VEGFR1, which was diluted with Can Get Signal Immu-
noreaction Enhancer Solution 1 (Toyobo, Tokyo, Japan).

Isolation and identification of pVHL-interacting proteins. The sub-
strates of the pVHL ubiquitin ligase were identified as described previ-
ously (32).

In vitro ubiquitination. In vitro ubiquitination was performed as
described previously with slight modifications (28). Recombinant
CRL2PVME complex was purified as described previously (5). Recombi-
nant 3XHA-B-Myb was immunopurified from the lysates of transiently
transduced 293T cells using anti-HA antibody and protein A-Sepharose.

Tumor growth in vivo. 786-O cells were cultured to confluence in
15-cm cell culture dishes for 1 week. The medium was replaced every day.
The cells were harvested using a cell scraper, rinsed with PBS, and sus-
pended in 600 .l PBS. A volume of 150 pl of suspension containing 2 X 107

June 2016 Volume 36 Number 12

ALISHIAINN YAOOVN AQ 9T0Z ‘9z Joquiaidas uo /610 wse qowy/:dny woiy papeojumoq


http://www.ncbi.nlm.nih.gov/nuccore?term=NM_001144755.2
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_002466.2
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_000551.3
http://www.ncbi.nlm.nih.gov/nuccore?term=NM_005375.3
http://mcb.asm.org
http://mcb.asm.org/

cells was injected subcutaneously into 8-week-old female nude mice individ-
ually housed under sterile conditions. After 4 weeks, the longest tumor diam-
eter was measured, and tumor volume was calculated using the following
formula: volume = [(shorter diameter)* X longer diameter]/2.

Phosphorylation of B-Myb. 786-O cells (2.6 X 10°) expressing
3XHA-B-Myb (wild type [WT]Jor Y15A mutant) or control cells were
cultured in either one 10-cm dish (confluent condition) or two 15-cm
dishes (sparse condition) for 2 days with one change of culture medium.
For tyrosine kinase inhibition, the following inhibitors were added to the
culture medium for 1 day before harvesting the cells: 0.1 WM epidermal
growth factor receptor (EGFR) inhibitor PD153035, 5 wM ErbB2 inhibi-
tor AG825, 0.1 M insulin-like growth factor receptor (IGFR) inhibitor
picropodophyllin, 1 .M mesenchymal epithelial transition factor (MET)
inhibitor SU11274, and 5 uM vascular endothelial growth factor receptor
(VEGFR) and platelet-derived growth factor receptor (PDGFR) inhibitor
SU4312. Phosphatase treatment was performed as follows: 3XHA-B-
Myb was immunoprecipitated and washed with phosphatase buffer sup-
plied by New England BioLabs (NEB; Tokyo, Japan). Immunoprecipitates
were incubated with 10 U of Antarctic phosphatase (M0289; NEB) for 30
min at 37°C.

FACS analysis. Trypsinized cells were fixed in 70% ethanol in PBS at
—20°C for 1 day, followed by RNase treatment (500 pg/ml for 30 min at
37°C [Sigma]) and staining with propidium iodide (20 pg/ml [Sigma]).
Then, 20,000 cells were analyzed with a FACSCalibur (Becton Dickinson,
San Jose, CA) fluorescence-activated cell sorter (FACS).

Identification of B-Myb-regulated genes by microarray. Total RNA
was purified from control 786-0O cells or two independent B-Myb knock-
down (B-Myb#1 and B-Myb#2) cell lines, which were confluently cul-
tured for 1 week with one daily medium change by TriPure isolation
reagent (Roche, Indianapolis, IN). Synthesis of cDNA and cRNA was
performed by Hokkaido System Science Co., Ltd. (Hokkaido, Japan), us-
ing an Agilent low-input Quick Amp labeling kit (Agilent Technologies,
Santa Clara, CA). Fragmented cRNA was hybridized to SurePrint G3 hu-
man GE 8x60K version 2.0 (Agilent Technologies).

Statistical analysis. The Student # test was used to determine the sta-
tistical significance of the experimental data.

RESULTS

pVHL interacts with B-Myb. Evidence that constitutive activa-
tion of HIF-« is not sufficient for the development of renal clear
cell carcinomas and pheochromocytomas in mice (15) suggested
the involvement of an HIF-a-independent pathway in VHL
pathogenesis. To identify novel substrates targeted by pVHL,
3XFLAG-tagged pVHL was purified from 293T cell lysates, and
potential pVHL-interacting proteins were analyzed by mass spec-
trometry. In addition to molecules previously known to interact
with pVHL, such as Cul2, elongin B, elongin C, and Rbx1, B-Myb
was identified as a novel pVHL-interacting protein from an ex-
cised SDS-PAGE gel slice of approximately 100 kDa (Fig. 1A). As
shown in Fig. 1A, several bands overlapped, and some proteins
were identified from the same gel slice as that containing B-Myb
(data not shown). Since similar experiments were performed us-
ing other E3s and B-Myb was identified by pVHL pulldown but
not by pulldown with other E3s, the interaction between pVHL
and B-Myb was examined further. To confirm the interaction be-
tween B-Myb and pVHL, 3XHA-tagged B-Myb and 3XFLAG-
tagged pVHL were expressed in HEK293T cells. The cell lysates
were subjected to immunoprecipitation (IP) with anti-HA or an-
ti-FLAG antibody, and the resulting immunoprecipitates were
subjected to SDS-PAGE and Western blotting with anti-HA or
anti-FLAG antibody. The interaction between 3 X HA-B-Myb and
3XFLAG-pVHL was detected by reciprocal IP (Fig. 1B).
HEK293T cells express two biologically active VHL gene products
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of approximately 19 and 30 kDa, similar to other cell lines (Fig.
1C) (33). HEK293T cells were cultured in the presence of the
proteasome inhibitor MG132 for 6 h, and cell lysates were pre-
pared and subjected to IP with anti-B-Myb antibody. Immuno-
blot analysis of the immunoprecipitates showed that endogenous
B-Myb interacted with endogenous 19-kDa pVHL (Fig. 1C); how-
ever, whether B-Myb interacted with the 30-kDa pVHL remained
unclear. To determine the binding domain of B-Myb for pVHL,
several truncated mutants were generated (Fig. 1D). IP analysis
showed all of the truncated mutants interacted with 3XFLAG-
pVHL (Fig. 1E), suggesting the presence of several binding sites. It
might also be possible that these truncated mutants bind pVHL
because they were overexpressed. Since Myb family proteins have
highly conserved domains (34), we next examined the interaction
between pVHL and A-Myb or c-Myb. Our results showed that all
Myb family proteins were able to interact with pVHL, although
the interaction between c-Myb and pVHL was relatively weak
(Fig. 1F). Further examination of the interaction between B-Myb
and A-Myb or c-Myb did not yield clear results showing that A-
Myb or c-Myb interacted with B-Myb (Fig. 1G). Mammalian A-
Myb and c-Myb are expressed in restricted cell types and at spe-
cific stages of development; for example, A-Myb plays a critical
role in spermatogenesis and mammary gland development (19),
and c-Myb regulates the proliferation and differentiation of he-
matopoietic stem and progenitor cells (20); therefore, the physi-
ological roles of pVHL with regard to A-Myb or c-Myb should be
investigated under the appropriate conditions in the future. The
present results indicated that pVHL interacts with Myb family
proteins, especially B-Myb, under physiological conditions.
pVHL targets B-Myb for proteasomal degradation. In pre-
liminary experiments using pVHL-deficient 786-O cells, which
were established from a renal clear cell carcinoma, B-Myb was
downregulated by coexpression of pVHL when cells were cultured
to confluence (1.3 X 10° cells grown in a 4-cm culture dish for 1
day) (Fig. 2A). This was confirmed in a different pVHL-deficient
renal clear cell carcinoma cell line, RCC4 (Fig. 2B). Control or
3XFLAG-pVHL was expressed in RCC4 cells (1.3 X 10°), which
were cultured under confluent (4-cm dish) or sparse (15-cm dish)
conditions for 1 day, and the levels of B-Myb and HIF-2a were
compared. B-Myb was downregulated in the presence of
3XFLAG-pVHL under confluent conditions (Fig. 2B). In con-
trast, HIF-2a was downregulated by coexpression of pVHL under
both conditions (Fig. 2A and B). These data suggested that pVHL
targets B-Myb in cells grown to confluence. Since rat pVHL stably
expressed in normal rat kidney (NRK) epithelial cells or NTH 3T3
cells predominantly localized to the cytoplasm under confluent
conditions, whereas it localized to the nucleus under the sparse
condition (35), we examined the localization of pVHL in 786-O
cells or RCC4 cells (see Fig. S1 in the supplemental material). The
fact that pVHL was mainly localized to the cytoplasm under both
culture conditions and HIF-2a was downregulated by pVHL re-
introduction in both conditions (Fig. 2A and B) suggests that cell
culture conditions do not affect the activity of pVHL. B-Myb was
slightly increased under the confluent condition in 786-O cells
(Fig. 2A), whereas it was strongly upregulated under the sparse
condition in RCC4 cells (Fig. 2B). To identify the molecular
mechanism underlying this difference, we quantified the mRNA
encoding B-Myb in these cell lines cultured under different con-
ditions (Fig. 2C). Although B-Myb mRNA was increased under
the sparse condition in both cell lines, its upregulation was greater
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FIG 1 Interaction between pVHL and B-Myb. (A) Purification of the CRL2PV** complex. The 3XFLAG-pVHL expressed in 293T cells was purified using
anti-FLAG antibody and resolved by SDS-PAGE. In-gel digestion by trypsin was performed for mass spectrometry analysis. A silver-stained SDS-PAGE gel is
shown, and the protein bands identified are indicated. B-Myb was identified as a novel protein interacting with pVHL. (B) Interaction between 3 X HA-B-Myb
and 3XFLAG-pVHL. HEK293T cells expressing 3 X HA-B-Myb or 3XFLAG-pVHL (as indicated) were cultured in the presence of the proteasome inhibitor
MG132 (10 uM for 6 h), immunoprecipitated (IP) with anti-HA or anti-FLAG antibody, and immunoblotted (IB) with anti-HA or anti-FLAG antibody. (C)
Interaction between endogenous pVHL and B-Myb. HEK293T cells were cultured in the presence of MG132 (10 wM for 6 h), immunoprecipitated with
anti-B-Myb antibody, and immunoblotted with anti-pVHL or anti-B-Myb antibody. (D) Schematic representation of B-Myb mutants used in this study. (E)
Interaction between pVHL and B-Myb via several binding sites. The wild type (WT) or a deletion mutant of 3X HA-B-Myb as indicated was coexpressed with
3XFLAG-pVHL in HEK293T cells. Lysates were immunoprecipitated with anti-HA antibody and immunoblotted with anti-FLAG or anti-HA antibody. (F)
Interaction between Myb family proteins and pVHL. HEK293T cells expressing 3 X HA—A-Myb, 3XHA-B-Myb, 3XHA—c-Myb, or 3XFLAG-pVHL (as indi-
cated) were cultured in the presence of MG132 (10 wM for 6 h), immunoprecipitated with anti-HA antibody, and immunoblotted with anti-HA or anti-FLAG
antibody. (G) Assessment of the interaction between B-Myb and A-Myb or c-Myb. HEK293T cells expressing 3X FLAG-A-Myb, 3 XFLAG-c-Myb, 3XFLAG-
pVHL, or 3XHA-B-Myb (as indicated) were cultured in the presence of MG132 (10 uM for 6 h), immunoprecipitated with anti-HA antibody, and immuno-
blotted with anti-HA or anti-FLAG antibody.

in RCC4 cells than in 786-O cells. The strong upregulation of  explain the slight downregulation of the B-Myb protein in 786-O
mRNA expression could be one of the reasons for the strong ex-  cells under the sparse condition.

pression of the B-Myb protein in RCC4 cells. The inhibition of Reintroduction of wild-type pVHL downregulated endoge-
protein translation and/or enhanced protein degradation could nous B-Myb, but failed to do so in the presence of the proteasome

1806 mcb.asm.org Molecular and Cellular Biology June 2016 Volume 36 Number 12

ALISHIAINN YAOOVN AQ 9T0Z ‘9z Joquiaidas uo /610 wse qow;/:dny woiy papeojumoq


http://mcb.asm.org
http://mcb.asm.org/

A B
Diameter of dish (cm): 4 15

3xFLAG-pVHL: — + — -+ kDa
P 29
Hspo0 [l 55

Regulation of B-Myb by pVHL

Diameter of dish (cm): 4 15
IFLAGpVHL: — + — + P2

oL [ o0

E
- @ Input IP: FLAG
= = 8 8
— 1 kDa = - = o~
T—+ 0 3XFLAG-pVHL | = < | 2 & kDa

C 786-0 rcca D
3.5 - 3.5, p<0.011
3| 3] 3XFLAG-pVHL: |
2.5 25| MG132: — 4+ —
{ p<0.013 24 B-Myb

1.5 1 ﬁ 151

1 1

B-Myb mRNA (ratio)
N

Ponceau S

0 0 i
4 15 4 15 staining

Diameter of dish (cm)

- B-my N il
HIF-20. S S 110 29
05 ] 0 5' pVHL _;29

FLAG [ [

88

FIG 2 Destabilization of B-Myb by pVHL. (A) Regulation of B-Myb by cell density and pVHL. 786-O cells (1 X 10°) were cultured for 1 day in culture dishes
of different diameters as indicated. The resulting cell lysates were subjected to Western blotting with antibodies against B-Myb, HIF-2«, pVHL, or Hsp90. Hsp90
was used as a loading control. (B) The experiment described in panel A was performed using RCC4 cells. (C) Upregulation of B-Myb mRNA in 786-O cells and
RCCH4 cells cultured sparsely. Total RNA was purified and analyzed by quantitative RT-PCR. (D) Accumulation of B-Myb upon exposure to the proteasome
inhibitor MG132. 786-0 cells stably expressing wild-type 3 X FLAG-pVHL or mutant 3X FLAG-pVHL(1-155) lacking the VHL box or control cells were cultured
under confluent conditions for 1 day, followed by exposure to MG132 (10 wM) for 6 h and Western blotting with antibodies against B-Myb, HIF-2a, or pVHL.
Ponceau S staining was used as the loading control. (E) 786-O cells were cultured under confluent conditions for 1 day, exposed to MG132 (10 M) for 6 h,
immunoprecipitated (IP) with anti-FLAG antibody, and immunoblotted with anti-B-Myb or anti-FLAG antibody. The asterisk represents a nonspecific band.

inhibitor MG132 (Fig. 2D). Although VHL box-deficient func-
tionally inactive pVHL(1-155) (32) retained the same B-Myb-
binding activity as wild-type pVHL (Fig. 2E), pVHL(1-155) had
no effect on the expression of B-Myb (Fig. 2D), supporting the
idea that B-Myb is a substrate of the pVHL ubiquitin ligase. To
examine the stability of B-Myb in the presence or absence of
pVHL, 3XHA-B-Myb was expressed in 293T cells with or without
3XFLAG-pVHL, and the levels of 3XHA-B-Myb were measured
after treatment with the protein translation inhibitor cyclohexi-
mide (Fig. 3A). The half-life of 3XHA-B-Myb was shortened
upon overexpression of pVHL (Fig. 3A and B). Despite the fact
that pVHL is the major ubiquitin ligase targeting B-Myb and HIF-
2a, these proteins were gradually degraded even in the absence of
pVHL in control 786-0O cells, suggesting the involvement of an-
other ubiquitin ligase (Fig. 3C). Because SCF™P* was suggested as
a ubiquitin ligase targeting B-Myb (22), we investigated the role of
SCF**P2 in the regulation of B-Myb by knocking down Skp2 and
analyzing the stability of B-Myb in the absence of pVHL (see Fig.
S2 in the supplemental material). Knockdown of Skp2 did not
stabilize B-Myb more than that in control cells, indicating that
B-Myb is not a substrate of Skp2, at least in 786-O cells cultured
under confluent conditions.

We next performed in vitro ubiquitination assays (Fig. 3D).
The recombinant CRL2PY™" complex, including elongin B/C,
Rbx1, and Cul2, was expressed in insect SF21 cells, purified, and
mixed with or without recombinant ubiquitin-activating enzyme
El, ubiquitin-conjugating enzyme UbcH5a, ubiquitin, ATP, and
3XHA-B-Myb immunopurified from HEK293T cell lysates. After
incubation for 2 h at 30°C, the reaction mixtures were analyzed by
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Western blotting with anti-HA antibody to detect the polyubig-
uitination of B-Myb (Fig. 3D). Polyubiquitinated B-Myb was de-
tected when all components were included in the reaction, sup-
porting the notion that B-Myb is a substrate of the pVHL
ubiquitin ligase. Furthermore, knockdown of pVHL resulted in
the accumulation of endogenous B-Myb in HEK293T cells (Fig.
3E). To examine whether B-Myb and HIF-2a are competitively
recognized by pVHL and targeted for proteasomal degradation, a
3XHA-B-Myb-overexpressing 786-O cell line was established
(Fig. 3F). Increased expression of B-Myb did not affect the expres-
sion of HIF-2a, indicating that there was no competitive stabili-
zation of HIF-2a by B-Myb overexpression, or that the expression
level of 3X HA-B-Myb was not sufficient to competitively stabilize
HIF-2a. We next examined B-Myb expression levels in 293T cells
cultured under hypoxic conditions. HEK293T cells were cultured
in the presence of the hypoxia mimetic agent CoCl, for 7 h, and
cell lysates were prepared and subjected to Western blotting. B-
Myb was slightly but significantly increased under the hypoxia
mimetic condition (Fig. 3G and H). Since HIF-1a but not HIF-2a
was detected in 293T cells, the expression of B-Myb was examined
in HIF-1a knockdown 293T cells. B-Myb was not upregulated
under the hypoxia mimetic condition when HIF-1a was knocked
down (Fig. 3G and H). The fact that the B-Myb mRNA did not
increase under the hypoxia mimetic condition (Fig. 3I) indicates
that HIF-1a may competitively block the degradation of B-Myb in
293T cells. HIF-1a would not be recognized by pVHL under hyp-
oxia (13); therefore, HIF-1ao may prevent the degradation of B-
Myb mediated by another ubiquitin ligase but not pVHL. Further
investigation of the molecular mechanisms by which CoCl, treat-
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FIG 3 Destabilization of B-Myb by pVHL. (A) HEK293T cells expressing 3 X HA-B-Myb with or without 3 X FLAG-pVHL were exposed to cycloheximide (CHX
[50 pg/ml]) for 1, 2, or 4 h. The lysates were subjected to Western blotting with antibodies against HA, FLAG, or Hsp70. Hsp70 was used as a loading control.
HA-B-Myb is indicated by an arrow. The asterisk represents a nonspecific band. (B) The intensities of HA—B-Myb bands in panel A were normalized to those of
the corresponding Hsp70 bands and plotted as a percentage of the normalized value without pVHL expression at 0 h. Open circles, with pVHL expression; closed
circles, mock. *, P < 0.02. Data represent means * standard deviations (SD) from three independent experiments. (C) Destabilization of endogenous B-Myb by
pVHL in 786-O cells. Control or pVHL-reintroduced 786-O cells were exposed to cycloheximide (50 pg/ml) for 30 or 60 min. The lysates were subjected to
Western blotting with antibodies against B-Myb, HIF-2a, FLAG, or Hsp90. Hsp90 was used as a loading control. (D) pVHL-dependent polyubiquitination of
B-Myb in vitro. Recombinant ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (UbcH5a), CRL2PVH complex (pVHL, Cul2, elongin B, elongin
C,and Rbx1), GST-ubiquitin, and immunopurified HA-B-Myb were mixed in vitro with ATP (in various combinations), incubated at 30°C for 3 h, and subjected
to Western blotting with anti-HA antibody. (E) Accumulation of endogenous B-Myb by knockdown of pVHL. Two independent small interfering RNAs
(siRNAs) targeting pVHL (pVHL#1 and pVHL#2) were transfected into HEK293T cells and cultured for 2 days (100% confluent on day 2), followed by Western
blotting with anti-pVHL, anti-B-Myb, and antiactin antibodies. Actin was used as a loading control. (F) No change of HIF-2a expression by overexpression of
B-Myb. 786-O cells stably expressing 3XFLAG-pVHL with or without 3XHA-B-Myb were cultured under confluent conditions for 1 day. The lysates were
subjected to Western blotting with antibodies against HA, B-Myb, HIF-2a, or FLAG. Ponceau S staining was used as a loading control. (G) Upregulation of
B-Myb by HIF-1o in 293T cells. siRNA targeting HIF1a or the control was transfected into HEK293T cells and cultured for 40 h (100% confluent). 293T cells
were further cultured in the presence of CoCl, (400 uM) for 6 h and subjected to Western blotting with antibodies against B-Myb, HIF-1a, HIF-2a, or pVHL.
Ponceau $ staining was used as the loading control. (H) The intensities of B-Myb bands in panel G were normalized to those of Ponceau S-stained bands. B-Myb
expression level in cells without CoCl, was set as 1. Data represent means = SD from three independent experiments. (I) Downregulation of B-Myb mRNA by
CoCl, or knockdown of HIF-1a. Total RNA was purified from control or HIF-1a knockdown 786-0O cells and analyzed by quantitative RT-PCR. Data represent
means * SD from three independent experiments.
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ment downregulates B-Myb mRNA is warranted based on the lack
of correlation between HIF-1a protein expression and the mRNA
encoding B-Myb (Fig. 3G to I). These data indicated that pVHL
polyubiquitinates B-Myb and targets it for proteasomal degrada-
tion.

Phosphorylation of tyrosine 15 of B-Myb prevents its degra-
dation. Given that the downregulation of B-Myb by pVHL was
apparent when cells were cultured at high density (Fig. 2A and B)
and that B-Myb has at least 10 different phosphorylation sites
(36), we speculated that phosphorylation of B-Myb may regulate
its stability. The phosphorylation statuses of 3>X HA-B-Myb were
compared between cells cultured under confluent (3.8 X 10° cells
in two 6-cm dishes) and sparse (same cell number but cultured in
three 15-cm dishes) conditions for 1 day by incubating cell lysates
with or without a phosphatase to distinguish phosphorylated B-
Myb (see Fig. S3 in the supplemental material). The results indi-
cated that the phosphorylation statuses of B-Myb were similar in
cells grown under both conditions. However, because B-Myb is
poly-phosphorylated, minor differences in phosphorylation sta-
tus, such as tyrosine phosphorylation, could have been missed. A
search of the PhosphoSitePlus database (http://www.phosphosite
.org) (37) revealed that tyrosine 15 of B-Myb was the only tyrosine
residue that could be phosphorylated. To confirm the tyrosine
phosphorylation of B-Myb, 786-0O cells expressing 3 X HA-B-Myb
were cultured under confluent or sparse conditions, and 3X HA-
B-Myb immunoprecipitates were blotted with an antiphosphoty-
rosine antibody (Fig. 4A). As expected, the tyrosine residues of
3XHA-B-Myb were phosphorylated when cells were cultured
sparsely. To confirm that tyrosine 15 is the target residue for phos-
phorylation, 786-O cells stably expressing mutant 3XHA-B-
Myb(Y15A) were generated. Culturing of 786-O cells stably ex-
pressing 3X HA-B-Myb (wild type or Y15A mutant) under sparse
conditions and analysis of tyrosine phosphorylation status
showed that the Y15A mutation suppressed the tyrosine phos-
phorylation of B-Myb, indicating that tyrosine 15 is the B-Myb
phosphorylation site under sparse culture conditions (Fig. 4B). A
residual tyrosine phosphorylation signal was observed in B-
Myb(Y15A), suggesting that another tyrosine residue could be
phosphorylated. To determine the cellular location of B-Myb ty-
rosine phosphorylation, 3 X HA-B-Myb was immunoprecipitated
from the cytosolic or nuclear fraction. Immunoblotting of the
precipitates with antiphosphotyrosine antibody showed tyrosine
phosphorylation in the cytosol but not in the nucleus (see Fig. S4
in the supplemental material). Because B-Myb was tyrosine phos-
phorylated when cells were cultured sparsely and its resistance to
pVHL-dependent degradation was observed under the same con-
ditions (Fig. 2A and B), we speculated that the tyrosine phosphor-
ylation of B-Myb prevented its interaction with pVHL. To verify
this hypothesis, the interaction between B-Myb (wild type or
Y15A mutant) and pVHL was examined in cells cultured under
sparse conditions (Fig. 4C and D). The results showed that the
interaction of B-Myb(Y15A) with pVHL was slightly but repro-
ducibly stronger than that of wild-type B-Myb, supporting the
idea that unphosphorylated B-Myb was targeted by pVHL. Given
that the tyrosine phosphorylation of wild-type B-Myb might not
be complete even under sparse culture conditions, only a slight
increase in affinity may be detected. Examination of the stability of
B-Myb (wild type or Y15A mutant) in the presence of pVHL un-
der sparse culture conditions showed that pVHL destabilized
wild-type B-Myb (Fig. 4E and F). Furthermore, the half-life of
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B-Myb(Y15A) in the presence of pVHL was further shortened.
Since the Y15A mutation itself destabilized B-Myb compared with
wild-type B-Myb in the absence of pVHL, we further examined
the effect of tyrosine phosphorylation on the stability of B-Myb.
786-0 cells expressing 3X HA-B-Myb (wild type or Y15A mutant)
with or without 3XFLAG-pVHL were cultured under sparse or
confluent conditions. Because B-Myb was upregulated in cells cul-
tured under confluent conditions in the absence of pVHL (Fig.
2A), the amount of 3XHA-B-Myb in the presence of pVHL was
normalized to the amount in the absence of pVHL under the same
culture conditions (Fig. 4G and H). Wild-type B-Myb was down-
regulated by coexpression of pVHL in 786-O cells, and it was
destabilized further under confluent conditions. In contrast, al-
though B-Myb(Y15A) was also downregulated by coexpression of
pVHL, this process was not accelerated by culturing the cells un-
der confluent conditions, as quantified in Fig. 4H. These data sug-
gested that tyrosine 15 of B-Myb is a major phosphorylation site
and that the phosphorylation of B-Myb may prevent its degrada-
tion.

VEGEF-dependent tyrosine phosphorylation of B-Myb pre-
vents its degradation. We next investigated the identity of the
kinase responsible for B-Myb phosphorylation under sparse cul-
ture conditions. Because the growth factors in the culture medium
may mediate the tyrosine phosphorylation of B-Myb through re-
ceptor tyrosine kinases (RTKs), the effect of RTK inhibitors was
assessed (Fig. 5A). 3XHA-B-Myb-expressing 786-O cells were
cultured sparsely in the presence of inhibitors against EGFR,
erythroblastic leukemia viral oncogene 2 (ErbB2)/human EGFR-
related 2 (HER2), IGFR, MET, or VEGFR and PDGFR. Immuno-
precipitation of 3XHA-B-Myb and immunoblotting with an-
tiphosphotyrosine antibody showed that the VEGFR/PDGFR
inhibitor modestly prevented tyrosine phosphorylation of B-Myb
(Fig. 5A and B). Then, the stability of 3XHA-B-Myb in the pres-
ence of 3XFLAG-pVHL was examined with or without VEGFR/
PDGER inhibitor (Fig. 5C and D). The presence of the VEGFR/
PDGER inhibitor shortened the half-life of 3X HA-B-Myb. The
possible interaction of VEGFR with B-Myb was then examined.
Because 786-0 cells express VEGFR1 but not VEGFR2 (38), the
interaction between VEGFR1 and B-Myb was assessed. Immuno-
precipitation of 3X HA-B-Myb from 786-0 cells cultured sparsely
and immunoblotting with anti-VEGFRI antibody showed that
3XHA-B-Myb interacted with VEGFR1 (Fig. 5E). However,
VEGFR1 and B-Myb showed an unstable interaction, even when
B-Myb was overexpressed. Because tyrosine phosphorylation of
B-Myb was not detected in response to VEGF stimulation under
confluent culture conditions, the expression of VEGFR1 and
PDGFRa was assessed, which showed that they tended to be
downregulated by confluent culture conditions (Fig. 5F and G).
The downregulation of VEGFR1 and PDGFRa was partially pre-
vented by the lysosome inhibitor bafilomycin Al, whereas the
proteasome inhibitor MG132 had little effect, indicating that
VEGFRI1 and PDGFRa were degraded by several pathways, in-
cluding the endosome-lysosome pathway and the ubiquitin-pro-
teasome pathway (Fig. 5F and G). Although EGFR was also
slightly downregulated under confluent culture conditions (Fig.
5F and G), its downregulation was not prevented by bafilomycin
Al or MG132, indicating that the expression of VEGFR1 and
PDGFRa was selectively regulated by cell culture conditions.
Since EGFR is ubiquitinated by CBL upon ligand stimulation (39),
the shift in the migration of EGFR caused by MG132 treatment
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FIG 4 Regulation of B-Myb stability by phosphorylation of tyrosine 15. (A) Tyrosine phosphorylation of B-Myb under sparse culture conditions. 786-O cells
(2.6 X 10°) stably expressing 3XHA-B-Myb were cultured under confluent (in one 10-cm dish) or sparse (in two 15-cm dishes) conditions for 1 day.
3XHA-B-Myb was immunoprecipitated (IP) using an anti-HA antibody and immunoblotted (IB) with antiphosphotyrosine (anti-pY) or anti-HA antibody. (B)
Phosphorylation of tyrosine 15 of B-Myb. 786-O cells (2.6 X 10°) stably expressing 3X HA-B-Myb (WT or Y15A mutant) or control cells were cultured under
sparse conditions for 1 day. 3XHA-B-Myb was immunoprecipitated with anti-HA antibody and immunoblotted with anti-pY or anti-HA antibody. (C)
Enhancement of the interaction between 3XHA-B-Myb and 3 XFLAG-pVHL by mutation of tyrosine 15 of B-Myb to alanine. 786-O cells stably expressing
3XHA-B-Myb (WT or Y15A) and 3XFLAG-pVHL or control cells were cultured under sparse conditions for 2 days. 3X HA-B-Myb was immunoprecipitated
with anti-HA antibody and immunoblotted with anti-FLAG or anti-HA antibody. (D) The intensities of coimmunoprecipitated 3X FLAG-pVHL bands in panel
C were normalized to those of input bands, and the amount of 3XFLAG-pVHL coimmunoprecipitated with 3XHA-B-Myb (WT) was set as 1. Data represent
means = SD from three independent experiments. (E) Destabilization of B-Myb by Y15A mutation. 786-O cells stably expressing 3X HA-B-Myb (WT or Y15A
mutant) with or without 3X FLAG-pVHL were cultured under sparse conditions and exposed to CHX (50 pg/ml) for 15, 30, or 45 min. The lysates were subjected
to Western blotting with antibodies against HA, or FLAG. Coomassie brilliant blue (CBB) staining was used as a loading control. (F) The intensities of
3XHA-B-Myb (WT or Y15A mutant) bands in panel E were normalized to those of CBB-stained bands. The amount of 3XHA-B-Myb (WT or Y15A mutant)
at the beginning of the chase was set as 1. Data represent means * SD from three independent experiments. (G) Cell density-dependent destabilization of
wild-type B-Myb but not the Y15A mutant in the presence of pVHL. 786-O cells stably expressing 3XHA-B-Myb (WT or Y15A mutant) with or without
3XFLAG-pVHL were cultured under sparse or confluent conditions for 2 days. The lysates were subjected to Western blotting with antibodies against HA or
FLAG. CBB staining was used as a loading control. (H) The intensities of 3XHA-B-Myb (WT or Y15A mutant) bands with 3XFLAG-pVHL coexpression in
panel G were normalized to those without 3 X FLAG-pVHL coexpression because the expression of B-Myb increased when cells were cultured under confluent
conditions compared with when they were cultured under sparse culture conditions. The normalized intensity of 3X HA-B-Myb with 3XFLAG-pVHL coex-
pression under confluent culture conditions was set as 1. Data represent means = SD from four independent experiments.
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FIG 5 Regulation of B-Myb by VEGF and PDGF. (A) VEGFR and PDGFR inhibitor prevents tyrosine phosphorylation of B-Myb. 786-O cells stably expressing
3XHA-B-Myb or control cells were sparsely cultured for 1 day, followed by RTK inhibitor treatment for 1 day. 3X HA-B-Myb was immunoprecipitated (IP) and
immunoblotted (IB) with anti-pY or anti-HA antibody. (B) The intensities of tyrosine-phosphorylated 3 X HA-B-Myb bands in panel A were normalized to those
of total immunoprecipitated 3>X HA-B-Myb bands, and mock treatment was set as 1. Data represent means = SD from three independent experiments. (C)
VEGEFR and PDGEFR inhibitor destabilizes B-Myb. 786-O cells stably expressing 3 X HA-B-Myb and 3 X FLAG-pVHL were sparsely cultured for 1 day, followed
by RTK inhibitor treatment for 1 day. Then, cells were exposed to CHX (50 wg/ml) for 15 or 30 min. The lysates were subjected to Western blotting with
antibodies against HA or FLAG. CBB staining was used as a loading control. (D) The intensities of 3>X HA-B-Myb bands in panel C were normalized to those of
CBB-stained bands. The amount of 3X HA-B-Myb at the beginning of the chase was set as 1. Data represent means = SD from three independent experiments.
(E) B-Myb interacts with VEGFRI. 786-0O cells stably expressing 3X HA-B-Myb or control cells were sparsely cultured for 2 days. 3>X HA-B-Myb was immu-
noprecipitated and immunoblotted with antibodies against VEGFR1 or HA. (F) Downregulation of VEGFR1, PDGFRa, and EGFR by confluent culture
conditions. pVHL-reintroduced 786-O cells were cultured under confluent or sparse conditions overnight with or without MG132 (10 M) or bafilomycin Al
(0.5 pM). The lysates were subjected to Western blotting with antibodies against VEGFR1, PDGFRa, or EGFR. Ponceau S staining was used as a loading control.
(G) The intensities of VEGFR1, PDGFRa, or EGFR bands in panel F were normalized to those of Ponceau S-stained bands. The amount of VEGFR1, PDGFRa,
or EGFR expressed under sparsely cultured conditions was set as 1. Data represent means = SD from three independent experiments.
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(Fig. 5F) indicates the phosphorylation and ubiquitination of
EGFR as reported previously (40). These data indicate that
VEGFR1-dependent tyrosine phosphorylation may directly or in-
directly mediate the phosphorylation and stabilization of B-Myb.

Accelerated tumor development upon B-Myb knockdown.
The above data prompted us to assess the biological significance of
B-Myb in tumorigenesis in vivo. For this purpose, 786-O cells
expressing 3XFLAG-pVHL or control cells, as well as control
knockdown 786-O cells or two independent B-Myb knockdown
(B-Myb#1 and B-Myb#2) 786-0 cell lines, each targeting different
sequences of B-Myb, were implanted subcutaneously into BALB/c
athymic nude mice and allowed to form tumors (Fig. 6A and B).
Tumor volumes were calculated as described in Materials and
Methods. Reintroduction of pVHL in 786-O cells slowed down
tumor development by downregulating HIF-2a as reported pre-
viously (41) (Fig. 6B and C). Tumor development in B-Myb
knockdown cells was accelerated compared with that in control
cells, indicating that B-Myb negatively regulates HIF-2a-depen-
dent tumor development (Fig. 6B and D). Control and B-Myb
knockdown cell lines formed a similar number of colonies in the
in vitro anchorage-independent soft agar colony formation assay,
and their growth rates were similar (data not shown). These data
indicated that when the expression of B-Myb was downregulated
genetically or epigenetically in the presence of pVHL mutation,
tumor development was accelerated. A search of an integrated
cancer microarray database provided by Oncomine (https://www
.oncomine.org) showed that B-Myb expression was significantly
downregulated in two independent statistical analyses of human
clear cell renal cell carcinoma (42, 43) (see Fig. S5 in the supple-
mental material). These findings indicate that the downregulation
of B-Myb and pVHL may be crucial for the development of renal
cell carcinomas.

B-Myb does not regulate the cell cycle in 786-O cells. B-Myb
transactivates genes required for the G,/M cell cycle transition by
forming the dREAM/Myb—-MuvB-like complex, which was origi-
nally identified in Drosophila (23, 44—47). Furthermore, mutation
or downregulation of B-Myb results in genome instability (27, 48,
49). In contrast, pVHL induces cell cycle arrest at the G,/G, phase
(50), and knockdown of HIF-2«a is sufficient to suppress aneu-
ploidy (50). Based on these data, we hypothesized that pVHL
might regulate the cell cycle and genomic instability by inducing
the degradation of B-Myb. Reintroduction of pVHL into 786-O
cells resulted in the accumulation of cells in the G,/G, phase and a
decrease in G,/M-phase cells compared with control 786-O cells
(Fig. 6E and F; see Fig. S6 in the supplemental material). pVHL
expression also reduced aneuploidy (Fig. 6G; see Fig. S6), suggest-
ing that pVHL contributes to genomic stability. In contrast and
unexpectedly, knockdown of B-Myb increased the number of cells
in the G,/M phase and aneuploidy, although without statistical
significance (Fig. 6H to J; see Fig. S6). These data suggested that
B-Myb regulates tumor development through a process indepen-
dent of the regulation of cell cycle and aneuploidy.

Regulation of HIF-a-independent genes by B-Myb. Given
that knockdown of B-Myb significantly accelerated tumor devel-
opment (Fig. 6), we assumed that the transcription factor B-Myb
may inhibit the expression of HIF-a-dependent tumorigenic
genes, such as VEGFA, GLUT1, and PDGF, and knockdown of
B-Myb might result in the upregulation of those genes and tumor
development. Assessment of the expression of HIF-a-dependent
tumor-related genes in B-Myb knockdown 786-O cell lines by
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quantitative reverse transcription (RT)-PCR showed that B-Myb
knockdown had no effect on their expression (data not shown).
To identify B-Myb-regulated genes, total RNA was purified from
control or B-Myb knockdown 786-O cells (two independent cell
lines, B-Myb#1 and B-Myb#2) and analyzed by genome-wide mi-
croarray screening. Although the expression of most genes was not
affected by B-Myb knockdown, 76 genes were significantly up-
regulated (>2-fold) and 294 genes were downregulated (<1/2-
fold) in both B-Myb knockdown cell lines (Fig. 7A and B). Among
the 370 genes, 63% were coding RNA genes, and the rest were
noncoding RNA genes (Fig. 7B). Of these, 233 coding genes were
classified by known or conceivable biological functions (Fig. 7C;
see Tables S1 and S2 in the supplemental material). The results
suggested that B-Myb regulates a broad spectrum of biological
functions. HIF-2a-dependent genes such as VEGFA, GLUT1, and
PDGF, were not affected by B-Myb knockdown, supporting the
hypothesis that B-Myb regulates tumor development indepen-
dently of HIF-a activity. Among the candidate genes regulated
by B-Myb directly or indirectly, upregulation of those coding
for complement factor B (CFB), FK506 binding protein 1B
(FKBP1B), and septin 6 (SEPT6) was validated by quantitative
RT-PCR (Fig. 7D). These data suggested that two independent
parallel pathways mediated by HIF-a or B-Myb may finely reg-
ulate cell growth, and breakdown of this regulation might re-
sult in VHL disease.

DISCUSSION

In the present study, we identified B-Myb as a novel substrate of
the ubiquitin ligase pVHL and as a novel molecule involved in
VHL pathogenesis. Although previous studies showed that B-Myb
is an oncogene and that knockdown of B-Myb causes G,/M-phase
arrest and increased aneuploidy, we showed that B-Myb acts as a
tumor suppressor gene, particularly in 786-O cells. This unex-
pected result could be explained by the upregulation of HIF-2a-
regulated tumorigenic genes in 786-0 cells caused by the possible
constitutive activation of HIF-2a. Under these conditions, the
oncogenic effect of B-Myb might be masked. The fact that consti-
tutive activation of HIF-a alone is not sufficient for the develop-
ment of renal clear cell carcinomas and pheochromocytomas in
mice (15) suggests the involvement of an HIF-a-independent
pathway in VHL pathogenesis. In our study, B-Myb was stabilized
in pVHL-deficient tumor cells, and depletion of B-Myb in 786-O
cells promoted tumor development (Fig. 6B); this suggested that
B-Myb plays a tumor suppressor role by preventing tumor devel-
opment caused by HIF-2a accumulation.

Downregulation of HIF-2a is sufficient to suppress pVHL-
deficient tumor growth in some model systems (41), and high
expression of HIF-1a alone is not sufficient to induce tumor
growth. These facts together with the upregulation of VEGF in
other model systems (51) suggest that both HIF-2a-dependent
and B-Myb-dependent pathways play an important role in pVHL-
deficient tumor development. We propose that the transcription
factor B-Myb is a novel inhibitor of VHL disease, as illustrated in
Fig. 8. Wild-type (pVHL-reconstituted 786-O) cells are able to
regulate the amount of HIF-2a and B-Myb appropriately and are
not tumorigenic. Loss of pVHL results in the accumulation of
HIF-2a and downstream target molecules, including VEGEF,
GLUT]I, and PDGF, leading to tumorigenesis (52). However, B-
Myb, a transcription factor that regulates G,/M cell cycle transi-
tion, chromosomal condensation, and stability, is also upregu-
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FIG 6 Regulation of tumor development in vivo by B-Myb. (A) Knockdown of B-Myb in 786-O cells. 786-O cells stably expressing (SE) pVHL or short hairpin
(sh) RNA to knockdown (KD) B-Myb under confluent conditions were lysed and subjected to Western blotting with antibodies against B-Myb, HIF-2«, pVHL,
or Hsp70. Hsp70 was used as a loading control. (B) Representative images of mice implanted with 786-O cells in which pVHL function was reconstituted, cells
in which B-Myb was knocked down, or the corresponding control cells. Cells were implanted, and photographs were taken after 1 month as indicated.
Representative tumors are indicated by arrows. Bars, 1 cm. (C) The estimated volume (cubic centimeters) of tumors generated by control or pVHL-reconstituted
cells is indicated. Data represent means = SD (n = 5). (D) The estimated volume (cubic centimeters) of tumors generated by control or B-Myb knockdown cells
is indicated. Data represent means * SD (n = 5). (E) Accumulation of cells in G,/G, phase by pVHL reintroduction. 786-0O cells stably expressing pVHL or
control cells cultured under confluent conditions were subjected to FACS analysis to analyze aneuploidy and the G,/M, S, and G,/G, phases. (F) Decrease in the
G,/M-phase population by pVHL. FACS analysis was performed as described in panel E. Data represent means = SD from three independent experiments. (G)
Decrease in aneuploidy by pVHL. Data represent means = SD from three independent experiments. (H) Knockdown of B-Myb had no effect on cell cycle
progression. Control 786-0O cells or 786-O cells with B-Myb knockdown (targeting independent sequences B-Myb#1 and B-Myb#2) cultured under confluent
conditions were subjected to FACS to analyze aneuploidy, G,/M, S, and G,/G, phases. (I) Knockdown of B-Myb did not cause accumulation of cells in G,/M
phase. Data represent means * SD from three independent experiments. N.S., not significant. (J) No increase in aneuploidy was observed upon knockdown of
B-Myb. Data represent means = SD from three independent experiments.
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FIG 7 Regulation of HIF-a-independent genes by B-Myb. (A) Scatter plots of total probes examined by microarray. Total RNA purified from control or B-Myb
knockdown 1 or 2 cells was used for microarray analysis to identify genes differentially expressed in response to B-Myb knockdown. The solid line indicates
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lation of CFB, FKBPIB, and SEPT6 by knockdown of B-Myb. Total RNA was purified from control or B-Myb knockdown (B-Myb#1 or B-Myb#2) cells and

analyzed by quantitative RT-PCR. *, P < 0.05; **, P < 0.01.

lated and prevents tumor development. Downregulation of
B-Myb and deficiency of pVHL result in the accumulation of cells
in G,/M phase, abnormal mitosis, and increased aneuploidy in
addition to accumulation of HIF-2a (27). Phosphorylation of ty-
rosine residue 15 of B-Myb by VEGFR1 and/or PDGER stabilizes
B-Myb (Fig. 4 and 5), suggesting the existence of a feedback loop
to prevent HIF-a-dependent tumorigenesis. Deficiency of pVHL
results in the constitutive activation of HIF-a/HIF-1f transcrip-
tion factors and the extended expression of downstream target
genes such as those coding for VEGF, GLUT1, and PDGF, which
contribute to accelerated cell growth and metabolism. However,
secreted VEGF and PDGF stimulate VEGFR and PDGFR, respec-
tively, which induces tyrosine phosphorylation of B-Myb, allow-
ing B-Myb to escape pVHL-dependent ubiquitination and degra-
dation and regulate the expression of downstream target genes.
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Despite the identification of many B-Myb-regulated genes and
noncoding RNAs, their potential involvement in gene regulatory
functions or pathways associated with VHL disease related pro-
cesses remains unclear because most of them are of unknown
function. As the HIF pathway directly regulates more than 60
genes to resolve and counteract hypoxic conditions (53), the si-
multaneous regulation of B-Myb-targeted genes could be impor-
tant to prevent HIF-dependent tumor development. Constitutive
activation of the HIF pathway upregulates interleukin-1 (IL-113),
NE-kB, and cyclooxygenase 2 (COX2), which are related to in-
flammatory responses, and cytokines such as IL-1f and tumor
necrosis factor alpha (TNF-a) induce HIF transactivation activity
(53, 54). Acute inflammation mediated by complement proteins
prevents tumor development, whereas chronic inflammation fa-
cilitates tumorigenesis and promotes tumor invasiveness (55, 56).
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conditions (for example, hypoxia), thereby preventing tumorigenesis. pVHL deficiency causes accumulation of HIF-2a, resulting in tumorigenesis by consti-
tutive induction of downstream target molecules, including the VEGF, GLUT1, and PDGF genes. B-Myb inhibits HIF-2a-dependent tumorigenesis by regulating

the expression of specific genes, including the CFB, FKBP1B, and SEPT6 genes.

VEGE- and PDGF-dependent tyrosine phosphorylation of B-Myb prevents its

degradation mediated by pVHL, suggesting the existence of a feedback loop to stabilize B-Myb when the HIF pathway is activated. B-Myb deficiency causes the
upregulation of tumorigenesis-related proteins. These proteins cooperate with the constitutively active HIF pathway and accelerate tumor development.

In particular, complement factor B accelerates tumor invasion
and migration (55). Complement activation supports chronic in-
flammation, the establishment of an immunosuppressive mi-
croenvironment, angiogenesis, and cancer-related signaling path-
ways (56). Therefore, the upregulation of complement factor B by
B-Myb knockdown could contribute to tumor development.

FKBPI1B is a cis-trans prolyl isomerase and regulates protein
folding (57). The role of FKBP1B in the regulation of tumor de-
velopment is not clear. However, FKBP1B-immunosuppressant
drug complexes inhibit calcineurin (58, 59) and bind mTOR (60,
61), thereby inhibiting cytokine production and cytotoxic T-cell
proliferation (58, 60-62); therefore, upregulation of FKBP1B in
renal cells may also be involved in inflammation. FKBP1A, which
shares approximately 85% similarity and shows almost identical
structure to FKBP1B (63), is a component of the EGFR/FKBP1A/
HIF-2a pathway, which plays a role in childhood high-grade as-
trocytomas (64), suggesting that increased FKBP1B may also
cause astrocytomas.

Septins are GTP-binding proteins, and there are 13 septins
(SEPT1 to -12 and -14) in humans, which exist in 6- to 8-subunit
complexes (65). SEPT6 forms a complex with SEPT2 and SEPT7
(SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7), resulting in the
formation of the septin filament (66). Septins also form ring-like
structures (septin rings) that regulate cell division, ciliogenesis,
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and neuronal synapses (65). SEPT2 is upregulated in renal cell
carcinomas (67), which suggests that the upregulation of SEPT6
increases the SEPT2-SEPT6-SEPT7 filament and may play a role
in tumorigenesis and/or metastasis (68—70), especially in VHL
disease. However, the underlying molecular mechanism remains
to be identified. Simultaneous regulation of B-Myb-targeted
genes, including those coding for CFB, SEPT6, and FKBP1B, may
prevent tumorigenesis driven by constitutively active HIF-a. Fu-
ture work should aim to shed light on any crucial hidden pathways
that may exist.

VEGER tyrosine kinase inhibitors are used in the treatment of
VHL disease. However, we suggested that inhibition of VEGFR
tyrosine kinase blocked the phosphorylation of B-Myb and desta-
bilized B-Myb in patients with a functional pVHL. Certain pa-
tients have wild-type pVHL and mutant HIF-a, which cannot be
polyubiquitinated by pVHL. In this case, the use of VEGFR ty-
rosine kinase inhibitors as a treatment for VHL disease could ac-
tually have detrimental effects. We also found that VEGFR was
downregulated by confluent culture conditions. Therefore, future
work will include the assessment of VEGFR expression in VHL
disease patients. If VEGFR is indeed downregulated, VEGFR ty-
rosine kinase inhibitors would have a minor effect on patients.

In conclusion, the findings of the present study indicate that
the stability and balance between HIF-2a and B-Myb regulated by
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pVHL are responsible for the broad spectrum of tumors associ-
ated with VHL disease.
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