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We have previously shown that all six members of the anti-apop-
totic BCL2 gene family can cooperate with (myelocytomatosis
oncogene) MYC in a mouse model of leukemia, but three of them
are significantly less potent contributors to leukemogenicity than
the other three. The protein encoded by one of these less potent
genes, BCL2L10/BCLb, was recently shown to vary dramatically in
many primary human cancers by immunohistochemistry, and the
protein levels were inversely correlated with survival in patients
with several cancer types. We examined BCLb mRNA in a panel
of human cancer cell lines and did not observe the extensive var-
iation in mRNA that would be required to explain the vast differ-
ences in protein levels. We found that the levels of BCLb protein
diminish quickly after inhibition of protein synthesis with cyclohex-
imide, so we searched for interacting proteins that might affect
posttranslational stability of BCLb. Using a variety of approaches,
including immunoaffinity and mass spectrometry, we identified a
protein, Ubiquilin1 (Ubqln), that specifically interacts with BCLb,
and not with other anti-apoptotic BCL2-like proteins. Ubqln stabi-
lizes BCLb protein, while also promoting monoubiquitination on
multiple lysine residues and relocation to the cytosol. Furthermore,
primary lung adencarcinomas have more Ubgin mRNA than normal
adjacent lung tissue, and higher Ubqln mRNA levels are associated
with shorter survival of lung cancer patients, suggesting that
potentiation of the anti-apoptotic potential of BCLb through reg-
ulation of its stability by Ubgin may be an important factor in
tumor progression.
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Disruption of biological pathways that regulate a cell’s normal
“life versus death” decisions is a hallmark of cancer cells (1).
Whether this disruption is caused by aberrant oncogene activa-
tion, loss of tumor suppressors, or mutation in genes directly
involved in apoptotic decisions, the outcome is increased cell
number. According to most models, the proapoptotic members
of the BCL2 family of proteins are required for nearly all forms
of cellular death, including apoptosis caused by intrinsic signals
within all cells and extrinsic signals that affect some cells (2-4).
Conversely, the anti-apoptotic BCL2 proteins are required to
sustain cell viability during normal homeostasis. Loss of proapop-
totic or gain of anti-apoptotic BCL2 proteins probably contri-
butes to survival of most, if not all, human cancer cells (5-7).
The six anti-apoptotic members of the BCL2 family are BCL2,
BCLxl (BCL2L1), BCLw (BCL2L2), BFL1 (BCL2A1), MCLL1,
and BCLb (BCL2L10) (8). Until recently it was assumed that
aberrant expression of genes that encode any of these six proteins
could participate in tumorigenesis with equivalent potency. Using
a (myelocytomatosis oncogene) MYC-driven mouse model of
myeloid leukemogenesis, we demonstrated directly that expression
of cDNA’s encoding any of the six anti-apoptotic BCL2-like pro-
teins can potentiate leukemogenesis (9). However, we observed
significant differences in the potency of individual BCL2 family
cDNAs in cooperation with MYC in this model: the genes fall into
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two distinct classes, based on cooperative potential, with BCL2,
BCLxL, and BCLw more potent than BCLb, BFL1, and MCLI.
These findings suggested that there may be unrecognized factors
that influence how effectively an anti-apoptotic gene can contri-
bute to tumorigenesis.

Because anti-apoptotic BCL2 gene products are believed to
be important in human cancers, multiple inhibitors of BCL2 pro-
teins have been developed and are being tested in clinical trials
(10-12). Many of these inhibitors have demonstrated impressive
therapeutic efficacy in mouse models and human cell lines, but
they have limited specificity. One small molecule, ABT-737, in-
hibits the three most potent anti-apoptotic BCL2 proteins, but
its effect is limited by the frequent appearance of primary or
acquired drug resistance (13). In many instances, resistance is due
to high level expression of the one of the three BCL2 proteins not
inhibited by the drug (13). A better understanding of the biolo-
gical and biochemical regulation of each of the anti-apoptotic
BCL2 proteins is likely to improve our ability to target this class
of proteins and the pathways that regulate their function with
additional drugs.

There is intense interest in understanding the mechanisms that
lead to aberrant expression of proteins that can contribute to
oncogenic transformation. By examining the stability, abundance,
and interacting partners of anti-apoptotic BCL2 proteins, we
have begun to define mechanisms that might regulate these pro-
teins. Here we have identified Ubiquilinl (Ubqln) as a specific
interaction partner of BCLb. Following interaction with Ubqln,
BCLb is apparently monoubiquitinated on multiple lysine resi-
dues and subsequently stabilized. Concurrent with Ubgln-stimu-
lated ubiquitination, BCLDb is relocalized from membranes to
the cytoplasm. We have also observed a significant increase in
Ubgln levels in primary human lung cancer samples compared
to adjacent normal tissue, and this increase is associated with
decreased survival of patients with lung adenocarcinoma.

Results

We recently demonstrated that cDNA’s encoding all six anti-
apoptotic BCL2-family proteins cooperate with MYC in a mouse
model of leukemogenesis, but with significant differences in the
oncogenic potency of individual family members (9). Mice receiv-
ing cells that expressed the MYC oncogene and BCL2, BCLxl,, or
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BCLw cDNAs developed aggressive myeloid leukemia with a
much shorter latency than observed in mice receiving cells that
express MYC and cDNAs for BCLb, MCL1, or BFL1. A number
of possibilities could explain this observation, including inherent
differences in protein function, protein-protein interactions,
mRNA translation rates, or differences in mRNA or protein
stability. For example, a more labile protein would be less abun-
dant and potentially less able to contribute to oncogenic transfor-
mation.

The Reed laboratory has demonstrated that high levels of
BCLb protein are detected in many primary human cancers
(14). In fact, in many cancer types, the levels of BCLb protein
correlated inversely with patient survival, with higher BCLb levels
associated with more advanced disease or a poorer prognosis. A
common mechanism that leads to increased protein level is in-
creased production of mRNA. However, upon examination of
the Sanger Institute’s Cancer Cell Line Project microarray data-
base of 732 cancer cell lines (http://www.broadinstitute.org/
cgi-bin/cancer/datasets.cgi), we noted that BCLb was the only
BCL2-family gene for which the mRNA concentration was
basically invariant (Fig. 14). These data suggest that there are
alternative mechanisms that lead to alterations in BCLb protein
levels in human cancers.

We then examined if the stability of the individual BCL2 pro-
teins could explain the differences in oncogenic potency. Levels
of BCLxl (a potent MYC cooperator) and BCLb (a less potent
MYC cooperator) were examined following inhibition of the
translational machinery with cycloheximide (Fig. 18). BCLxl and
BCLb were produced in cells by introducing plasmids that each
encode a BCL2 family member, as well as GFP following an in-
ternal ribosomal entry sequence. We performed a Western blot
on all lysates, using an antibody against GFP as an internal con-
trol, because GFP is known to have a long half-life and is encoded
by the same mRNA as the BCL2 family protein. Western blots of
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Fig. 1. BCLb is a labile protein that is not regulated by alterations in mRNA

levels. (A) Invariant levels of BCLb mRNA in cell lines. The mRNA levels for all
six anti-apoptotic BCL2 family genes were analyzed in a set of 732 cancer cell
lines from diverse tissues of origin using microarray data from the Sanger
Institute’s Cancer Cell Line Project (http:/www.sanger.ac.uk/genetics/CGP/
CellLines/). Normalized log2 intensity values for each gene were median-
centered across all the cell lines and plotted to show the variation in expres-
sion. Box-plots depict the median group expression (mid line), the 25th and
75th percentiles (box), and the limits of 95% of samples for each group
“whiskers” with values for all other samples falling outside of this range
represented by black dots. (B) Varied response of BCL2 proteins following
cycloheximide treatment. 293T cells were transfected with plasmids expres-
sing GFP and BCLb or BCLxI. Forty-eight hours posttransfection cells were
left untreated (0) or treated with cycloheximide (+cycloheximide) for the
indicated amount of time (in hours). Western blot analysis of lysates was
performed with antibodies specific to BCLb or BCLxI. GFP, expressed from
the same mRNA as the respective BCL2-proteins, was detected as a loading
control. V = empty vector containing only GFP.
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the BCL2 proteins from lysates of cells treated for 0, 2, 5, 12, and
24 h with cycloheximide demonstrated striking differences in the
abundance of BCLxl and BCLb, with BCLxl showing no decrease
and BCLb showing a dramatic decrease, when compared to the
untreated cells (Fig. 1B), implying that BCLb protein is inher-
ently less stable in this cell type.

To determine if this observation could be extended to the other
BCL2 proteins, we expanded the analysis to include other less
potent MYC collaborators, MCL1 and BFL1, as well as BCLw,
another potent MYC cooperator (Fig. S1). BCLb, MCLI1, and
BFL1 levels fell dramatically in cells following cycloheximide
treatment, whereas levels of BCL2 proteins that were more
potent in cooperating with MYC (BCLw and BCLxl) were unaf-
fected when protein synthesis was blocked with cycloheximide .
These observations suggest that the relative stability of BCL2
proteins, as judged by the relative decay of the individual proteins
following cycloheximide treatment, may reflect an underlying
mechanism that determines oncogenic potential.

Stabilization of Bclb Protein Leads to More Potent Oncogenicity.
Protein degradation is frequently mediated by ubiquitination
of proteins on target lysine residues, so we asked whether the in-
stability of BCLb that we observed in cells is also mediated by a
lysine-dependent, ubiquitin-mediated mechanism. To this end, we
engineered a BCLb protein devoid of all four lysine residues
(BCLbX?); this protein cannot be modified by the traditional
ubiquitination machinery. The stability of BCLbX? was compared
to that of wild-type BCLb (BCLb"™) following treatment with
cycloheximide (Fig. 24). BCLbX? protein levels did not change
during 24 h of cycloheximide treatment. These findings reempha-
size the idea that BCLb is turned over by a lysine- and ubiquitin-
dependent mechanism that determines protein decay following
translation inhibition.

BCLbX? is more stable than BCLb™, so we asked whether
BCLbX? is more potent than BCLb" in cooperating with MYC
during leukemogenesis using the bone marrow infection and
transplantation strategy, as previously described (9, 15). Briefly,
we infected bone marrow cells from mice harboring a tetracycline
operator-regulated MYC transgene (Tet-O-MYC) with a murine
retroviral vector (MSCV) encoding BCLb"', BCLbX’, or BCLxl,
and a tetracycline transactivator (Fig. 2B). The survival times of
mice receiving transplants showed that infection with vectors
encoding BCLbX? causes a more aggressive leukemia than does
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Fig. 2. Lysineless BCLb (BCLbX?) is more stable and a more potent oncogene

than wild-type BCLb. (A) Stability of BCLbX? protein following inhibition
of protein synthesis. 293T cells were transfected with BCLbX? and 48 h post-
transfection cells were left untreated (0) or treated with cycloheximide
(+cycloheximide) for the indicated amount of time (in hours). BCLb protein
levels were determined with an anti-BCLb antibody. Bottom box, western
blot analysis for GFP. V = empty vector containing only GFP (B) BCLbX? is
a more potent oncogene. Kaplan-Meier survival analysis of mice reconsti-
tuted with cells expressing MYC and BCLb*! (circles), BCLbX? (crosses) or BCLxI
(triangles) (plot is a combination of two independent experiments where
nine animals were followed for each group; n =9).
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infection with vectors encoding BCLb". In fact, mice that received
cells expressing MYC and BCLbX? succumbed to leukemia just as
quickly as mice that received cells expressing MYC and BCLxL
Thus, by removing the residues critical for degradation of BCLDb,
we created a more potent oncogene, implying that a mechanism
that stablizes BCLb might potentiate its oncogenic effect.

Ubgin Interacts with Bclb. The results in the preceding section in-
dicate that proteins capable of affecting the stability of BCLb
might have an important role in neoplasia. For example, proteins
that normally promote the degradation of BCLb could be inac-
tivated or sequestered, producing aberrantly high levels of BCLb
that contribute to tumorigenesis. We therefore set out to identify
proteins that interact with BCLb by performing immunoprecipi-
tations of FLAG epitope-tagged BCL2 proteins, followed by mass
spectrometry to identify interacting peptides. In initial experi-
ments, we compared peptides from anti-FLAG immunoprecipi-
tates from lysates of 293T cells containing FLAG-BCLb, FLAG-
BCLw, FLAG-BFLL1, or only the FLAG epitope, with the goal
of identifying proteins that associate specifically with BCLb and
regulate its stability.

In triplicate biological experiments, the most abundant protein
found by mass spectrometry in FLAG-BCLb immunoprecipi-
tates, was a multidomain protein named Ubgln. No Ubgln pep-
tides were identified in FLAG immunoprecipitates from FLAG-
BCLw, FLAG-BFLI, or control lysates (Table S1). In previous
reports, Ubqln has been shown to contain a ubiquitin-like (UBL)
domain, a ubiquitin-associated (UBA) domain, and multiple
heat-shock chaperonin (STI) domains (Fig. 34) (16-18). The do-
main structure and previous literature on Ubgln suggest that it
interacts with ubiquitinated proteins through its UBA domain
and with the proteasome through its UBL domain (19, 20). Based
on these interactions, Ubqln is thought to serve as a bridge
between ubiquitinated proteins and the proteasome to facilitate
degradation of the ubiquitinated targets.

Recently, Ubqln has been shown to play a role in a variety of
other cellular processes, including autophagy, ER-associated pro-
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tein degradation (ERAD) and receptor trafficking, presumably
by regulating the abundance of proteins implicated in these
events (21-30). Furthermore, UBQLN is one member of a family
of at least five proteins (UBQLNI1, UBQLN2, UBQLN3,
UBQLN4, and UBQLNL) that share a high degree of similarity
at the level of both amino acid and domain structure. In fact, in
multiple experiments, we also identified Ubiquilin2 as a specific
BCLb-interacting protein, increasing our confidence in the spe-
cificity and robustness of the methods we have used to detect pro-
teins bound to BCLb.

To validate the specificity of the mass spectrometry result
indicating that BCLb, but not other BCL2 proteins, interact with
Ubgln, we repeated the immunoprecipitation experiment in
“reverse” by coexpressing untagged BCLb or BCLw with FLAG-
tagged Ubqln in 293T cells (Fig. 3B). Following immunoprecipi-
tation of Ubgqln, we used antibodies specific for BCL2 family
members to detect associated proteins by Western blotting. In
agreement with our mass spectrometry data, we detected BCLD,
but not BCLw, in the anti-FLAG-Ubgln immunoprecipitates. We
then used the same strategy with the additional four anti-apop-
totic BCL2 proteins and did not observe any interaction with
Ubqln, indicating that Ubqln binds specifically to BCLb among
this protein family (Fig. S2). In addition to a band migrating at
the size corresponding to unmodified BCLb, multiple forms of
BCLb were detected in both the immunoprecipitated sample and
the unfractionated extract of cells coexpressing FLAG-Ubqln
and BCLb. Because Ubgln is claimed to bind ubiquitinated pro-
teins through the UBA domain and we have presented evidence
that BCLb can be degraded by a lysine-dependent mechanism,
we suspected that the slower migrating bands correspond to ubi-
quitinated forms of BCLb.

UbqIn Leads to Ubiquitination of Bclb. To demonstrate directly that
the slowly migrating forms of BCLb seen in the presence of Ubgln
are ubiquitinated forms of BCLb, we used an anti-HA antibody
to immunoprecipitate ubiquitin-containing proteins from lysates
after coexpressing BCLb, Ubqln, and different HA-tagged ubiqui-
tin (Ub) constructs (wild-type Ub, lysineless Ub, or Ub containing
only lysine 48) (Fig. 44). We observed the same pattern of BCLb,
consisting of multiple bands migrating at approximately 8 kDa in-
tervals, following immunoprecipitation from cells expressing the
three forms of ubiquitin. This finding is important because, when
ubiquitin chains are conjugated with substrate proteins, the specific
lysine residue of the ubiquitin protein used during conjugation can
determine the functional outcome of ubiquitination (31-33). In
some cases, ubiquitin can be added as a single conjugative event
to the target protein, leading to changes in subcellular localization
or other signaling events, but monoubiquitination is not recognized
as a signal for proteasome-mediated destruction (34). Therefore,
ubiquitin that does not contain any lysine residues (Ub¥?) can be
conjugated to a target protein, but additional ubiquitin molecules
cannot be added; in this way, single ubiquitin moieties are conju-
gated to lysine residues in the target protein (monoubiquitination)
(35). Because the ubiquitination pattern of BCLD is the same with
all ubiquitin mutants used in the experiment shown in Fig. 4 and
because there are multiple forms of ubiquitinated BCLb observed,
it is likely that the observable BCLb is monoubiquitinated on mul-
tiple lysine residues.

To exclude the possibility that ubiquitination of BCLb was an
artifact of overexpression of Ubqln, we used previously character-
ized siRNA directed against Ubqln to examine the effect of
reduced levels of endogenous Ubgln on ubiquitination of BCLb.
These siRNAs reduced endogenous Ubgln levels, and a conco-
mitant decrease in the levels of ubiquitinated BCLb was observed
(Fig. 4B, 21).

We have demonstrated that Ubgln interacts with BCLb and
that this interaction potentiates ubiquitination at multiple sites
on BCLb. However, it is still not clear how Ubgln affects BCLb
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Fig. 4. Ubgln promotes stabilization of BCLb and accumulation of mono-
ubiquitinated BCLb. (A) BCLb is ubiquitinated on multiple lysine residues.
Lysates were prepared from 293T cells expressing BCLb and FLAG-Ubgln,
in addition to wild-type HA-ubiquitin (Ub*"t), lysineless HA-ubiquitin (UbK?)
or HA-ubiquitin-containing only lysine 48 (UbX%8). Immunoprecipitations
were performed with anti-HA antibodies (to immunoprecipitate Ubiquitin-
containing proteins) and followed by Western blots with anti-BCLb anti-
bodies (bottom box). Top three boxes represent 10% of the input used for
immunoprecipitations, and anti-Tubulin antibodies were used to show equal
amount of total protein extracts were used for immunoprecipitations. (B) En-
dogenous Ubgln can promote ubiquitination of BCLb. 293T cells were trans-
fected with either nontargeting siRNA (si_N.T.) or siRNA against Ubqin
(si_Ubgln). Twenty-four hours later these cells were transfected with vectors
encoding BLCb (B) and/or HA-tagged ubiquitin (Ub). Twenty-four hours later
cell lysates were prepared and immunoprecipitations were performed with
anti-HA antibodies (to immunoprecipitate Ubiquitin-containing proteins)
and Western blots to detect BCLb (middle lower box) and total ubiquitinated
proteins (lower box) were performed. Top two boxes each represent 10%
of the input used for immunoprecipitations. Endogenous Ubqgin levels were
detected with a poly-clonal antibody raised against Ubqin. The arrow in the
middle lower box represents the nonubiquitinated form of BCLb. (C) UbgIn
stabilizes BCLb following cycloheximide treatment. Cells expressing BCLb, or
BCLb and FLAG-UbgIn were treated with cycloheximide (CH) for 16 h. Cell
lysates were prepared and Western blots were performed using anti-BCLb
antibodies (top box), anti-FLAG antibodies to detect Ubgin (middle box)
or anti-GFP antibodies as controls (bottom box).

abundance and function. To determine if Ubgln can alter BCLb
protein levels, we expressed BCLb alone or in combination with
Ubgln and treated cells with cycloheximide (Fig. 4C). Coexpres-
sion of Ubgln stabilized BCLb in the presence of cycloheximide,
in contrast to what is observed when BCLD is expressed alone
(Fig. 14). The stability of BCLb following cycloheximide in the
presence of Ubgln was similar to that of BCLbX? in the absence of
exogenous Ubgln (Fig. 24). These findings suggest that expres-
sion of Ubqln stabilizes BCLb.

Ubqln Affects Subcellular Localization of Bclb. Ubgln stabilizes BCLb
and apparently promotes monoubiquitination of BCLb. A known
function of monoubiquitination is to alter the cellular location
of proteins. We therefore wanted to determine if increased levels
of Ubgln can alter localization of BCLb. We first compared cells
programmed to express GFP-tagged BCLb alone or GFP-tagged
BCLb and Ubgqln. After 48 h of transfection, cells were stained
with a mitochondrial dye, then viewed with confocal microscopy
(Fig. 54). In the absence of exogenous Ubgln, BCLb colocalizes
almost exclusively with mitochondria, whereas, when Ubgln is
coexpressed, BCLb protein appears in extramitochondrial cyto-
plasmic sites. In a parallel experiment with GFP-BCL2, we did
not observe extramitochondrial BCL2 when it was coexpressed
with Ubqln.

We then performed biochemical fractionation of cells to con-
firm and extend these observations. Western blots of fractionated
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lysates of cells expressing BCLb and/or Ubqln were performed
for the two proteins (Fig. 5B). In accord with other groups, we
found BCLb in membrane fractions, excluded from the cytosolic
fractions (36). In cells expressing exogenous Ubqln, a large por-
tion of BCLb was found in cytosolic fractions (see boxed area).
Because BCLb in the cytosolic fraction appeared to be ubiquiti-
nated, it may be a signal for relocalizing the BCLb protein from
the membranes into the cytosol.

To determine where Ubgln and BCLb interact within the cell,
we attempted to immunoprecipitate Ubqgln from the cytosolic and
membrane fractions (Fig. 5C). Although Ubgln and BCLb could
be readily detected in both the cytosolic and membrane fractions,
we were able to coprecipitate Ubgln and BCLb only from the
cytosolic fraction. This result indicates that the presence of the
two proteins within the same compartment, such as membranes,
is not sufficient to elicit interaction, so specific signaling events
are likely required for an interaction to occur.

To determine whether Ubgln preferentially interacts with ubi-
quitinated BCLDb or facilitates ubiquitination of BCLb, we immu-
noprecipited Ubqln from whole cell lysates and sought ubiquiti-
nated and nonubiquitinated forms of BCLb in the immunopreci-
pates and in the remaining supernatant (Fig. 5D). We observed
nonubiquitinated BCLb in both the Ubqln immunoprecipitate and
the remaining supernatant, but the ubiquitinated forms of BCLb
were detected only in the fraction that was immunoprecipitated
with Ubqln. All Ubgln was effectively removed by the immuno-
precipitation, because we were not able to detect Ubqln in the de-
pleted supernatant. These data demonstrate that the ubiquitinated
fraction of BCLb is stably and preferentially bound to Ubgln
in cells.

Ubgln in Human Cancer. We wanted to determine if variation in
Ubgln mRNA could be observed in human cancer samples. Pre-
vious work had shown that Ubqln mRNA and protein levels are
increased in primary lung adenocarcinomas, a cancer type that also
features high BCLb protein levels (14, 37). To build on these ob-
servations, we examined Ubgln mRNA in an independent set of 46
primary adenocarcinomas and matched normal lung samples (38).
Both Ubqln probes demonstrated significantly increased mRNA
levels in the primary adenocarcinoma samples compared to their
corresponding normal lung samples (p < 0.0001 for both probes,
shaded boxes correspond to “normal lung” samples, Fig. 64).

To investigate the potential clinical significance of expression of
Ubgln in patients with lung adenocarcinoma, we asked whether
there was any significant relationship between Ubgln mRNA levels
and patient outcome. Although limited by the number of published
studies that determined Ubgln RNA and included clinical infor-
mation, we found one lung adenocarcinoma dataset that met these
criteria (Duke GEO accession #GSE3141) (39). Patients in that
dataset could be stratified into groups with significantly different
overall survival based on their level of Ubgln mRNA: individuals
with relatively high levels of Ubqln mRNA had a poorer out-
come (Fig. 6B).

Because tumors with higher levels of Ubgqln mRNA are asso-
ciated with a shorter survival time, we asked whether other genes
are differentially expressed in these two groups. The Significance
Analysis of Microarrays program revealed 343 genes that were
differentially expressed (fold-change greater than 2 or less than
0.5, g-value threshold = 0) between the “Ubqln high” and the
“Ubqln low” expressing groups (40). Ingenuity Pathway Analysis
(IPA) was then applied to this gene set to examine the genes in a
systematic manner and determine their association with specific
biological functions or canonical biological pathways (Fig. 6C).
Molecular transport and protein trafficking, two processes in
which Ubqln is thought to play a major role, were among the top
ten most significant annotated biological functions represented
by this gene set. Within the canonical pathways that are signifi-
cantly represented in this gene set are many signaling pathways
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Fig. 5. Ubgln alters subcellular localization of BCLb, and preferentially interacts with BCLb in the cytoplasm. (A) UbqgIn alters the subcellular localization of
BCLb, but not BCL2. H358 cells expressing GFP-tagged BCLb or GFP-tagged BCL2 and either empty vector or a vector containing Ubgln were treated with Mito-
Tracker dye and subjected to confocal microscopy. (B) Ubgin promotes the accumulation of ubiquitinated BCLb in the cytosol. 293T cells expressing BCLb, Ubgln,
or BCLb and Ubgln were subjected to subcellular fractionation by differential centrifugation, as described in Materials and Methods, followed by Western
blots. Cells were fractionated into n-nuclear, m-membranes, c-cytosolic, and s-structural/cytoskeletal compartments. Western blots of VDAC1, a membrane
bound protein, and tubulin, a cytoplasmic protein, anti-sera were used to document the validity of the fractionations. (C) Ubqgln and BCLb interact in the
cytosol. Fractionated lysates expressing either BCLb or BCLb and UbqIn were subjected to immunoprecipitation with anti-FLAG antibody to detect Ubgin
interactions. Only the cytosolic () and membranous (m) fractions were used, as these were the only fractions previously determined to contain BCLb (B)
or Ubgln. Following anti-FLAG immunoprecipitations, Western blots were performed to detect Ubgln and BCLb. BCLb was also detected using 10% of
the total protein used for immunoprecipitations (bottom box). (D) Ubiquitinated BCLb interacts preferentially with Ubgln. Cell extracts containing BCLb,
FLAG-UbqIn, or both BCLb and FLAG-UbgIn were used to immunoprecipitate Ubgln using anti-FLAG antibody. Following immunoprecipitation, Western blots
were performed with both the precipitate (IP: FLAG) and the remaining supernatant (post FLAG IP). Antibodies against BCLb and against FLAG (to detect
Ubgln) were used to probe the Western blots.
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Fig. 6. Levels of Ubgln RNA in human lung adenocarcinoma predict survival outcome in patients. (A) Ubgln RNA was analyzed in a set of 46 tumor/normal
pairs from the same patients. The microarray platform contained two individual probes for each gene that are depicted separately. Normalized log 10 ex-
pression values for each probe were compared between the normal and tumor samples using a two-tailed Wilcox matched-pairs sign rank test. The expression
values for each data point were normalized to the average probe expression of the respective normal samples before plotting. Shaded boxes represent “nor-
mal” samples; open boxes represent “tumors.” (B) High Ubgln mRNA levels are associated with poor survival in lung adenocarcinoma. A set of 58 lung ade-
nocarcinomas were separated into tertiles based on levels of Ubgln mRNA expression. Overall survival curves for the top and bottom tertiles were then plotted
and compared using the Log-rank (Mantel-Cox) test. There is a significant association between the highest tertile of Ubgln RNA and poor prognosis
(p = 0.0446). (C) IPA was performed on the 343 genes that were found to be significantly different between the UbqgIn-high and UbigIn-low human lung
adenocarcinoma samples.
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that are known to be involved in the process of neoplastic trans-
formation, including MYC signaling, cell cycle regulation, and
AKT'signaling. Whether genes on this list represent functions and
pathways related to, or regulated by, Ubgln or are simply repre-
sentative of more aggressive tumors will require further analysis.

Discussion

We have sought to understand how the six anti-apoptotic BCL2
proteins can exhibit different activities in a cooperative mouse
model of MYC-induced leukemia (9), and have shown that the
strength of the cooperative oncogenic activity correlates with the
abundance of the proteins (Fig. 14 and 2B). In an effort to
explain these differences we performed an unbiased screen to
identify proteins that interact with BCL2 proteins, using immu-
noprecipitation followed by mass spectrometry. We identified
and characterized one such interacting protein, Ubqln that inter-
acts specifically with BCLb. Interaction between Ubgln and
BCLb results in a number of alterations to the BCLb protein, in-
cluding accumulation of BCLb that is ubiquitinated on multiple
lysines, stabilization following treatment of cells with cyclohexi-
mide, and subcellular relocalization of BCLb.

Under normal homeostatic conditions, BCLb protein is
regulated by a lysine- and presumably proteasome-dependent
mechanism. If ubiquitination of BCLDb is blocked, by altering all
of the lysine residues, for example, BCLb is stabilized, producing
a substantial increase in the oncogenic potential of BCLDb in our
model of leukemia. Furthermore, we have extended previously
published studies and shown that Ubqln is highly expressed in
some human lung adenocarcinomas, and patients with higher
Ubgln expression have shorter survival times. We suggest the
possibility that the increase in BCLb protein levels, observed by
others, could be due to high expression of Ubgln also found in
these cancers. The exact role of Ubqln in human cancers requires
further examination.

Ubqgln contains a UBA domain and UBL domain and is
thought to be involved in ERAD, among other processes. Ubqln
binds ubiquitinated proteins through the UBA, at the same time
binding the proteasome through the UBL,; it appears to act as a
scaffold to facilitate proteasomal degradation of ubiquitinated
proteins that have been exported from the ER (24, 25). This
function could explain most of the proposed functions of Ubgqln,
such as regulation of autophagy, unfolded protein response, and
interaction with both poly-alanine and poly-glutamine expanded
proteins (21, 22, 27-30, 41). Additional, nonERAD dependent
functions for Ubqln, and related proteins, have also been pro-
posed, including a role in the trafficking of amyloid precursor
protein and endocytosis of G-protein coupled receptors (18,
21, 23, 26).

We have proposed a mechanism by which Ubqln could regu-
late apoptosis. Following expression of Ubgln there is an
accumulation of both ubiquitinated and nonubiquitinated BCLb
that is relocated to the cytosol. The mechanisms that lead to the
ubiquitination and the function of this form of BCLb are not well
understood. Stabilization of BCLb by Ubqln involves more than
binding of Ubgln to ubiquitinated BCLb: Ubqln interacts with
both nonubiquitinated BCLb and ubiquitinated BCLb, and the
nonubiquitinated form appears to be stabilized as revealed after
protein synthesis is arrested with cyclohexamide. We are attempt-
ing to determine the sites of interaction between BCLb and
Ubglin, any new function of BCLb located in the cyctosol after
interaction with Ubqln, and the effects of the BCLb-Ubqln
complex on ubiquitin ligases that might be responsible for the in-
crease in ubiquitinated BCLb following interaction with Ubgln.

It is also unclear how BCLb translocates from membranes into
the cytosol and is stabilized following interaction with Ubgln. At
least two models could explain how expression of Ubgln might
relocalize BCLD to the cytosol. The first posits that Ubqln binds
to BCLb on membranes, leading to release into the cytosol; the
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second argues that BCLD is released from membranes by an
unknown event and will interact with any available Ubgln. Once
Ubgln and BCLb interact, BCLb might not be capable of rees-
tablishing interaction with membranes. If the first model were
true, we would expect to see interaction between Ubgln and
BCLb in both the cytosolic and membrane fractions; in the sec-
ond model, interaction would be observed only in the cytosol. In
Fig. 5C we show that although BCLb and Ubqln are present in
both the cytoplasmic and the membrane fractions, we were able
to detect the interaction of BCLb and Ubgln only in the cyto-
plasm. This result suggests that Ubgln likely interacts with BCLb
only after BCLb is released from membranes, although we cannot
formally rule out the possibility that interaction between Ubqln
and BCLb leads to an immediate release of both proteins from
membranes.

A particularly interesting aspect of this work is the observation
that BCLb can be regulated by mechanisms that have not pre-
viously been reported (Fig. 7). One well established mechanism
is illustrated following treatment with cycloheximide, when
BCLb™ is apparently degraded by a lysine-dependent mechan-
ism, whereas the levels of BCLbX’, which lacks lysine residues,
are unaffected after 20 h of translational inhibition (Fig. 1B,
Fig. 4C, and Fig. 7, +cycloheximide). We have presented data
to indicate that this protection may arise from the ability of Ubgln
to sequester BCLb in the cytoplasm. We currently favor a model
whereby interaction of BCLb or BCLbX? with Ubgln in the cyto-
plasm protects BCLb from signals that would lead to its degrada-
tion. Once the degradation signals have been attenuated, BCLb
might be released from Ubqln and resume its normal function
in the membrane-associated fraction. Such actions could help
to explain the relationship between Ubgqln levels and survival,
responses of lung adenocarcinomas to therapy, or both.

Materials and Methods

Antibodies Used for Analysis in This Study. BCL2 #50E3, BCLx| #54H6, BFL1
#4647, BCLw, #31H4 and VDAC #4866 (Cell Signaling); MCL1 #559027 (Becton
Dickenson); BCLb #ab45412 and GFP #ab6673 (Abcam); tubulin #8512, FLAG
M2 conjugated agarose beads, FLAG poly-clonal #F7425 (Sigma); UbglIn poly-
clonal was made by inoculating rabbits with a peptide specific to Ubgin1
(Yenzym Antibodies LLC); HA affinity matrix and HA #3F10 (Roche).

-cycloheximide +cycloheximide

Fig. 7. The regulation of concentrations of BCLb by Ubiquillin and ubiqui-
tination. Treatment of cells expressing BCLb"t or BCLbX® with cycloheximide
lead to varied outcomes of the BCLb proteins depending on whether BCLb
contains lysine residues or if Ubiquilin is present. Treatment of cells expres-
sing BCLb™' with cycloheximide leads to rapid degradation of wild-type BCLb
proteins (top). In contrast, treatment of cells expressing BCLbX® with cyclo-
heximide has no affect on BCLbX? levels (bottom). When UbgIn is expressed
with either BCLb"t or BCLbX?, there is a stabilization of BCLb proteins that is
maintained following prolonged treatment with cycloheximide (middle).
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Bone Marrow Harvest, Infection, and Transplantation Assay. Bone marrow was
flushed from the femurs and tibias of 6 to 8 w old, previously untreated, do-
nor mice that carried the Tet-O-MYC transgene. Red blood cells were lysed
using Red Blood Cell Lysis buffer (Sigma). Infections were then carried out in
the presence of poybrene (4 ug/mL) for 1 h during centrifugation (2,000 x g
@ 30 °C) using MSCV based retroviral supernatants packaged in 293T cells.
After infection cells were immediately transplanted into the tail vein of leth-
ally irradiated FVB/n recipients acquired from Taconic.

Tissue Culture and Protein Analysis. 293T cells were cultured in DMEM supple-
mented with 10% FBS. DNA ransfections were done using Fugene6, as per
the suppliers recommendations. siRNA transfections were done using Dhar-
mafect1, as per the suppliers recommendations. The siRNA sequences used
are as follows: nontargeting siRNA#1 catalogue #D-001810-01 (dharmacon),
UbgIn1-GAAGAAAUCUCUAAACGUUUU. All cell extracts were prepared fol-
lowing scrape harvesting of 293T cells using CHAPS lysis buffer (1% CHAPS
detergent, 150 mM NacCl, 50 mM Tris pH 7, 5 mM EDTA), except subcellular
fractionation experiments, which were performed using the ProteoExtract
Subcellular Proteome Extraction kit (Calbiochem/Merck), as per the manufac-
turer’s protocol. For immunoprecipitations, 200 ug of protein was incubated
in 400 uL of total CHAPS buffer and incubated with indicated affinity matrix
for 1 h at 4 °C. Following incubation, the matrix was washed three times in
CHAPS buffer and then SDS loading buffer was added directly to washed ma-
trix, boiled, and loaded directly into the wells of a PAGE gel. Drug treatments
were performed as described in the text using 20 uM cycloheximide or 25 uM
proteasome inhibitor MG132. For confocal microscopy, H358 cells were trans-
fected with the indicated plasmids using Fugenes, as per the manufacturer’s
protocol. Forty hours after transfection cells were treated with 100 nM
MitoTracker Red CMXRos for 30 min. Cells were then washed one time with
1X PBS and replenished with fresh DMEM. Live cells were then subjected to
confocal microscopy using a Zeiss LSM 510 NLO Meta System. Multiple images
were acquired from multiple experiments and representative images are pre-
sented.

Plasmids. All experiments using expression of BCL2 proteins were performed
with vectors engineered for this study. All non-epitope-tagged BCL2-proteins
were subcloned into the murine stem cell virus based retroviral vector MIGRX
(MIGRX was created by altering the order of restriction enzyme sites in the
multiple cloning site of the MIGR1 vector that was originally provided by W.
Pear, University of Pennsylvania). The following accession numbers were used
to design oligos for PCR based cloning from cDNA libraries generated from a
“universal human RNA" library (Stratagene/Agilent Technologies): BCL2
#NM_000633, BCLx| #NM_138578, BCLw #NM_004050, MCL1 #NM_021960,
BFL1 #NM_004049, BCLb #NM_020396. FLAG-tagged BCL2 constructs were
generated by performing PCR of the MIG-BCL constructs using an oligo that
fused the FLAG coding sequences to the amino terminus of each BCL2-
protein. This product was then subcloned back into the MIGRX vector. Retro-
viral vectors used for the in vivo leukemia experiments were described
previously (9). The following plasmids were obtained from Addgene;
FLAG-Ubqgln (Addgene plasmid 8663, deposited by Peter Howley), FLAG-
UbgIn-112X (Addgene plasmid 8664, deposited by Peter Howley), pRK5-
HA-Ubiquitin-WT (Addgene plasmid 17608, deposited by Ted Dawson),
pPRK5-HA-Ubiquitin-K0 (Addgene plasmid 17603, deposited by Ted Dawson),
PRK5-HA-Ubiquitin-K48 (Addgene plasmid 17605, deposited by Ted Daw-
son), GFP-BCL2 (Addgene plasmid 17999, deposited by Clark Distelhorst).
The GFP-tagged BCLb construct was purchased from OriGene catalogue
#RG211604. Lysineless BCLb construct was engineered using the MIG- or
MIT-BCLb constructs described above to do site directed mutagenesis with
the Quick Change Multi site Mutagenesis kit (Stratagene/Ambion), as per
the manufacturer’s protocol.
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Mass Spectrometry. FLAG-tag purified protein complexes were partially re-
solved using SDS-polyacrylamide gel electrophoresis; the mixtures were con-
centrated into a single, 3-mm wide “stack” by electrophoresing through an
SDS “stacking gel” until entering the “separation gel,” followed by brief
staining with Coomassie Blue and excision of the stacked protein band. In
situ trypsin digestion of polypeptides in each gel slice was performed as de-
scribed (42). The tryptic peptides were purified using a 2-uL bed volume of
Poros 50 R2 (Applied Biosystems) reversed-phase beads packed in Eppendorf
gel-loading tips (43). The purified peptides were diluted to 0.1% formic acid
and then subjected to nano-liquid chromatography coupled to tandem mass
spectrometry (nanoLC-MS/MS) analysis as follows. Peptide mixtures (in 20 pL)
were loaded onto a trapping guard column (0.3 x5 mm Acclaim PepMap
100 C18 cartridge from LC Packings) using an Eksigent nano MDLC system
(Eksigent Technologies, Inc.) at a flow rate of 20 pL/ min. After washing, the
flow was reversed through the guard column and the peptides eluted with a
5-45% acetonitrile gradient over 85 min at a flow rate of 200 nL/ min, onto
and over a 75-micron x 15-cm fused silica capillary PepMap 100 C18 column
(LC Packings). The eluant was directed to a 75-micron (with 10-micron orifice)
fused silica nano-electrospray needle (New Obijective). The electrospray ioni-
zation needle was set at 1,800 V. A linear ion quadrupole trap-Orbitrap hy-
brid analyzer (LTQ-Orbitrap, ThermoFisher) was operated in automatic, data-
dependent MS/MS acquisition mode with one MS full scan (450-2,000 m/z) in
the Orbitrap analyzer at 60,000 mass resolution and up to five concurrent MS/
MS scans in the LTQ for the five most intense peaks selected from each survey
scan. Survey scans were acquired in profile mode and MS/MS scans were
acquired in centroid mode. The collision energy was automatically adjusted
in accordance with the experimental mass (m/z) value of the precursor ions
selected for MS/MS. Minimum ion intensity of 2,000 counts was required to
trigger an MS/MS spectrum; dynamic exclusion duration was set at 60 s.

Initial protein/peptide identifications from the LC-MS/MS data were
performed using the Mascot search engine (Matrix Science, version 2.3.02)
with the human segment of International Protein Index protein database
(89,952 sequences; European Bioinformatics Institute). The search para-
meters were as follows: (i) one missed cleavage tryptic site was allowed; (ii)
precursor ion mass tolerance = 10 ppm; (iii) fragment ion mass tolerance =
0.8 Da; and (iv) variable protein modifications were allowed for methionine
oxidation, cysteine acrylamide derivatization, and protein N-terminal acety-
lation. MudPit scoring was typically applied using significance threshold score
p <0.01. Decoy database search was always activated and, in general, for
merged LS-MS/MS analysis of a gel lane with p < 0.01, false discovery rate
averaged around 1%.

Scaffold (Proteome Software Inc.), version 3_1_2 was used to further
validate and cross-tabulate the MS/MS-based peptide and protein identifica-
tions. Protein and peptide probability was set at 95% with a minimum pep-
tide requirement of one.
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