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PAXS, a B cell-specific transcription factor, is overexpressed through chromosomal translocations in a sub-
set of B cell lymphomas. Previously, we had shown that activation of immunoreceptor tyrosine-based activa-
tion motif (ITAM) proteins and B cell receptor (BCR) signaling by PAXS5 contributes to B-lymphomagenesis.
However, the effect of PAXS5 on other oncogenic transcription factor-controlled pathways is unknown. Using
a MYC-induced murine lymphoma model as well as MYC-transformed human B cell lines, we found that
PAXS controls c-MYC protein stability and steady-state levels. This promoter-independent, posttranslational
mechanism of c-MYC regulation was independent of ITAM/BCR activity. Instead it was controlled by another
PAXS target, CD19, through the PI3K-AKT-GSK3p axis. Consequently, MYC levels in B cells from CD19-defi-
cient mice were sharply reduced. Conversely, reexpression of CD19 in murine lymphomas with spontaneous
silencing of PAX5 boosted MYC levels, expression of its key target genes, cell proliferation in vitro, and over-
all tumor growth in vivo. In human B-lymphomas, CD19 mRNA levels were found to correlate with those of
MYC-activated genes. They also negatively correlated with the overall survival of patients with lymphoma in
the same way that MYC levels do. Thus, CD19 is a major BCR-independent regulator of MYC-driven neoplastic

growth in B cell neoplasms.

Introduction

The concept of oncogene addiction (1) is particularly well validat-
ed in hematological malignancies. “Liquid” tumors are thought to
depend on fewer genetic alterations and thus be more sensitive to
drugs targeting abnormally expressed oncoproteins, the success of
Gleevec in treating tumors bearing Ber-Abl being the prime exam-
ple (2, 3). Additionally, initiating oncogenes in many lymphomas
and leukemias are easily identified as products of recurrent chro-
mosomal translocations. For example, in human Burkitt’s and
some diffuse large B cell lymphomas (DLBCLs), the t(8;14) trans-
location places c-MYC under the control of the immunoglobulin
heavy chain (IgH) gene enhancer (4, 5). A similar translocation has
been identified in murine plasmacytomas (6).

Another protein strongly implicated in B cell neoplasms is paired
box transcription factor 5 (PAXS). PAXS controls B cell differentia-
tion from the pro-B to the mature B cell stage and is chiefly respon-
sible for expression of the B cell receptor (BCR) complex (7, 8). This
is achieved via direct transcriptional activation of genes encoding
CD79a (also known as Ig-a) (9), which heterodimerizes on the cell
surface with CD79b (also known as Ig-f) (10) and the CD19 corecep-
tor (11, 12). Furthermore, a large body of genetic evidence also impli-
cates PAXS function in B-lymphomagenesis and leukemogenesis.
The corresponding gene is affected by a relatively rare (13, 14) but
persistent t(9;14)(p13; q32) translocation (15-17) associated with
aggressive B cell non-Hodgkin’s lymphomas (NHLs) (18). In addi-
tion to genomic rearrangements, the PAXS gene is also affected by
somatic hypermutations, in particular in patients with DLBCL (19).

Somewhat unexpectedly, there are several other recurrent translo-
cations (e.g., t[7;9][q11;p13] and t[9;12][q11;p13]) involving PAXS,
which were found in B cell acute lymphocytic leukemia (B-ALL).
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These translocations result in the fusion of the Pax5 and ELN
and ETV6/TEL genes (20, 21) and are regarded as dominant-nega-
tive inhibitors of PAXS transcriptional activity. Furthermore, the
genome-wide analysis of B-ALL using high-resolution SNP arrays
and direct genome sequencing yielded several loss-of-function
mutations in PAX5 (22). One possible way to reconcile the onco-
genic and tumor suppressor activities of PAXS is to posit that PAXS
affects neoplastic growth in a manner depending on stage differ-
entiation and, in particular, on BCR expression. As most NHLs are
derived from mature and pregerminal and postgerminal center B
cells, they express this growth-promoting complex (23, 24). In con-
trast, the vast majority of B-ALLs (A1l and A2 types) are derived from
immature pro- or pre-B cells lacking BCR (25). If the transforming
activity of PAXS was dependent on BCR signaling, it would only
manifestitselfin NHL but not B-ALL, in which the intrinsic growth
suppressive effects of PAXS5 might be unmasked (26).

Indeed, our previous data demonstrate that induction of BCR sig-
naling is important for MYC-induced PAX5-mediated lymphoma-
genesis (27). Specifically, PAX5-dependent neoplastic growth could
be reduced by overexpression of immunoreceptor tyrosine-based
activation motif-specific (ITAM-specific) CD22 phosphatase or
treatment with Syk inhibitors or mimicked by forced expression
of the constitutively active ITAM construct (28). Subsequent data
using transgenic mouse models validated the idea that MYC and
BCR signaling pathways cooperate during B-lymphomagenesis (29).
Yet it remained unclear whether there is a direct functional interac-
tion between the 2 key transcription factors, MYC and PAXS. We
addressed this question using 2 cell models. One is the MYCS cell
line, derived by us from p53-null/MYC-induced murine lymphoma
cells, which undergo spontaneous silencing of PAXS when cultured
in vitro (27, 30-33). The other is the P493-6 human B-lymphoblas-
toid cell line, immortalized by Epstein-Barr virus and expressing the
MYC transgene from a tet-regulated promoter (34). In vivo and in
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Figure 1

PAX5 regulates c-MYC protein levels. All panels represent immunoblotting analyses of proteins indicated. Actin was used as a loading control.
(A) P493-6 cells either untreated (0 hours) or treated with Dox for indicated intervals prior to harvesting. (B) MYC5 cells infected with either the
empty MIGR1 vector (GFP) or PAX5-MIGR1 (PAX5). Protein lysates were prepared 24 and 48 hours after infection. (C) Protein lysates were
obtained from MYC tumors samples described previously (27). Prior to implantation, MYC5 cells were infected with either the empty MIGR1
vector or PAXSERMIGR1 (PAX5ER). (D) P493-6 cells electroporated using various anti-PAX5 (PAX5) or control (Ctrl) siRNAs. (E) P493-6 cells
were electroporated (e/p) with 1 uM of either control or anti-PAX5 siRNA, and lysates were harvested 24 and 48 hours after electroporation.

vitro data obtained using these cell lines as well as primary murine
B cells and human NHLs yielded a surprising conclusion. We dis-
covered that in B cells PAXS5 and its downstream effector CD19 are
important posttranscriptional regulators of MYC protein levels,
with important implications for B-lymphomagenesis.

Results

Pax5 sustains c-Myc protein levels. We first asked whether shutting down
MYC expression would compromise PAXS protein levels. We treated
P493-6 cells with doxycycline (Dox) for 2 to 12 hours. While MYC pro-
tein levels decreased sharply 2 hours after Dox treatment, there were
no appreciable changes in PAXS levels, as judged by Western blotting
(Figure 1A, left). Even after prolonged exposure to Dox (24-48 hours),
PAXS expression levels were unaffected (Figure 1A, right). To deter-
mine whether changes in PAXS expression affect MYC protein levels,
we restored PAXS expression in MYCS cells (see Introduction) using
the PAX5-encoding retroviral vector (MIGR1). Cells lysates were har-
vested 24 and 48 hours after infection and analyzed by Western blot-
ting. At both time points, a clear increase in MYC levels was observed
(Figure 1B). To determine whether MYC levels are induced by PAXS
in vivo, we analyzed MYCS5 tumors reconstituted with condition-
ally active PAXS5-estrogen receptor (PAXSER) fusion (27). To ensure
PAXS activity, all tumor-bearing mice were treated with the ER ligand
4-hydroxytamoxifen (4OHT). In these specimens, there was a strong
positive correlation between MYC and PAXSER levels (Figure 1C). In
contrast, CD22 levels were downregulated by PAXS, consistent with
our previous finding (27).

To reproduce this result in a different cell system using a loss-of-
function approach, we chose to knock down PAXS with siRNA in
P493-6 cells. To optimize transfection conditions, FITC-labeled,
double-stranded RNA duplexes were electroporated separately
into P493-6 cells, and flow cytometry was performed to determine
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the efficiency of siRNA delivery. At doses of 0.1 uM and 1 uM
siRNA, transfection efficiency ranged between 62% and 96% (Sup-
plemental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI45851DS1). Then, increasing amounts
of a-PAXS5 SMARTpool siRNA (10 nM, 0.1 uM, and 1 uM) were
introduced into P493-6 cells, and protein lysates were harvested
24 hours after electroporation for Western blot analysis. We
observed a sequence-specific, dosage-dependent decrease in PAXS
protein levels, which led to a commensurate decrease in CD19, a
direct PAXS target, with maximum inhibition of both proteins
achieved at a dose of 1 uM siRNA (Supplemental Figure 1B). To
rule out off-target effects, we also analyzed 4 individual siRNAs
comprising the SMARTpool. As expected, 3 out of 4 siRNAs inhib-
ited PAXS expression, and all 3 also caused a reproducible reduc-
tion in MYC levels (Figure 1D). Next, we treated the cells with 1 uM
of a-PAXS5 siRNA and assessed MYC levels 24 and 48 hours after
electroporation. While no changes in MYC levels were apparent at
24 hours, they were appreciably reduced after 48 hours (Figure 1E).
This result was suggestive of an indirect mechanism of regulation,
presumably mediated by PAXS targets.

CD19, but not BCR, signaling increases c-Myc protein stability. Due to
the absence of PAXS, MYCS cells don’t express PAXS target genes,
most notably CD79a. It is, however, robustly induced upon PAXS
reexpression (27) and can form a complex with constitutively
expressed CD79Db, resulting in phosphorylation of their ITAM
motifs and BCR signaling. To determine whether this sequence
of events increases MYC levels, we used MYCS5 cells transduced
with the MIGR1 retrovirus encoding the HA-tagged ITAM of
CD79a/b in either a constitutively active (MYCS-ITAMwt cells)
or a mutant configuration (MYCS-ITAMmurt cells), in which
both tyrosines are replaced with alanines (28). Infection efficien-
cy was determined by flow cytometry, and transduced cells were
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Figure 2

PAXS5 regulates c-MYC protein levels through CD19. All panels except E and H represent immunoblotting analyses of proteins indicated. Actin
was used as a loading control. (A) Whole cell lysates from MYCS5 cells expressing HA-tagged wild-type or mutant ITAM (ITAMmut) were subject-
ed to immunoprecipitation with a-HA antibody, followed by immunoblotting with antibody against total Lyn, Tyr396-phospho-Lyn, or another a-HA
antibody (bracketed panels). Lysates from the same cells were immunoblotted with antibodies against c-MYC and p-actin (bottom panels). (B)
CD19 and MYC levels in MYCS5 cells transduced with empty vector (GFP) or CD19-encoding retrovirus (CD19). (C) PAX5, CD19, and MYC levels
in P493-6 cells electroporated with increasing concentrations of control or a-CD19 siRNA. (D) CD19 and MYC levels in bone marrow—derived B
cells from wild-type and CD19-null (KO) mice. (E) Flow cytometric detection of CD19 expression on the surface of MYC5 cells expressing PAX5 or
low/high levels of CD19. Mean fluorescent intensities are shown in each plot. (F) CD19 and MYC protein expression in the same cultures. (G) MYC
levels in PAX5- and CD19-reconstituted cell lines after treatment with CHX. CHX was added at the concentration of 1 ug/ml for 7.5 to 30 minutes.
MYC-specific bands were quantitated by densitometry, normalized to actin, and plotted against time after treatment. Note that different expo-
sures are shown for parental and PAX5/CD19-transduced cells to allow accurate band quantitation. Symbols represent individual timepoints. (H)
Steady-state MYC levels in the same cultures, detected by radioimmunoprecipitation. Cells were pulse-labeled with 35S-methionine for 30 minutes,

followed by a 0 to 30 minutes chase with “cold” amino acids.

confirmed to be more than 97% GFP* (data not shown). Protein
lysates from MYCS-ITAMwt and MYCS-ITAMmut cells were first
subjected to immunoprecipitation with a mouse anti-HA anti-
body. Then immunoprecipitates were immunoblotted for the Src
family kinase Lyn, which binds specifically to the ITAM of CD79a
in B cells (35). Rabbit anti-HA antibody-reactive ITAM was used
as a loading control. As anticipated, overexpression of wild-type
ITAM (ITAMwt) led to an increase in Lyn binding compared
with that of parental and mutant ITAM-transduced ITAMmut-
transduced) cells (Figure 2A). Additionally, the amount of
ITAM-bound Lyn activated via phosphorylation on Tyr3°® was
also increased in ITAMwt cells. Of note, while ITAMmut induced
some phospho-Lyn recruitment, it was not as robust as recruit-
ment of Lyn by ITAMwrt, attesting to the functionality of the
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ITAM construct (Figure 2A). Still, there was no change in MYC
protein levels (Figure 2A), indicating that activation of ITAM, a
critical component of the BCR pathway, is insufficient to boost
MYC protein expression.

Another major target of PAXS is CD19 (11, 12). Although CD19
is thought to function in the context of BCR, we considered the
possibility that it might have BCR-independent functions, e.g.,
regulation of MYC. Thus, we transduced CD79a-negative MYCS
cells with a CD19 retrovirus and measured steady-state MYC lev-
els. Surprisingly, MYC expression was increased several fold (Fig-
ure 2B). To reproduce this result in a different cell system using
the loss-of-function approach, we knocked down CD19 in P493-6
cells using SMARTpool siRNA. Despite only partial knockdown
of CD19, MYC levels were appreciably and consistently reduced
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CD19 regulates MYC protein expression through the PISK/AKT pathway. All panels represent immunoblotting analyses of proteins that belong
to the CD19/PI3K pathway. Actin was used as a loading control. (A) P493-6 cells electroporated 24 hours prior to harvesting with 1 uM of control
or anti-CD19 siRNA. (B) The same cells treated with 10 uM of PI3K inhibitor LY29004 or vehicle alone (ethanol) for 1 hour. (C) Splenic B cells
pretreated with the same reagents for 0.5 hours. (D) MYC5 cells transduced with either empty retroviral vector (neo) or retroviruses express-
ing constitutively active forms of Akt1/2 (AKTmyr). Protein lysates were additionally probed with antibodies against MYC residues Thr-58 and
Ser-62. (E) P493-6 cells electroporated 48 hours prior to harvesting with increasing concentrations of control or anti-GSK3p siRNA. (F) MYC5
cells expressing GFP or PAX5 were additionally transduced with either empty vector, WT MYC, or the T58A variant. Transduced cells were
immunoblotted for MYC, and MYC protein levels in PAX5-transduced cells were compared with those in GFP-transduced cells. Note that the
T58A variant has the Py-tag and thus migrates slower in SDS-PAGE gels. (G) MYC5 cells expressing GFP or CD19 from Figure 2B were addi-
tionally transduced with either empty vector or the PTEN-encoding retrovirus (PTEN).

while PAXS levels were unaffected (Supplemental Figure 1C). We
also analyzed individual siRNAs comprising the SMARTpool. The
oligonucleotide responsible for most robust downregulation of
CD19 also downregulated MYC in sequence-specific and dose-
dependent manners (Figure 2C). Finally, we measured MYC levels
in bone marrow-derived B cells from CD19-deficient mice (36).
To this end, short-term cultures of primary B cells were estab-
lished. In these cultures, over 95% of cells were of B cell lineage,
as confirmed by B220 positivity (Supplemental Figure 2A). Once
again, CD19-deficient B cells contained lower MYC levels than
their CD19-sufficient counterparts (Figure 2D). Of note, in the 3
models tested (MYCS5, P493-6, and primary murine B cells), MYC
expression was driven by 3 different regulatory elements (retrovi-
ral LTR, CMV IE region, and the endogenous myc gene promoter,
respectively). Thus, the uniform downregulation of MYC upon
CD19 silencing was indicative of promoter-independent, post-
transcriptional regulation.

To address this hypothesis, we measured MYC protein half-
life in MYCS5 cells transduced with empty vectors compared
with that in PAXS- and CD19-transduced MYCS cells. For this
experiment, CD19-positive cells were additionally fractionated
into CD19% and CD19" subpopulations. The levels of CD19
2260
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overexpression in these cultures were 2.5 and 4.0 fold, respec-
tively, compared with PAXS5-driven expression levels (see mean
fluorescent intensities in Figure 2E). These calculations were
confirmed by Western blotting. Nevertheless, MYC levels were
comparable between CD19'° and CD19" cultures, suggesting
that 4-fold CD19 overexpression of CD19 is not required for
MYC activation (Figure 2F).

Then PAXS5- and CD19-reconstituted lines were treated with the
protein synthesis inhibitor cycloheximide (CHX) (37), and steady-
state MYC levels were measured by Western blotting. CHX treat-
ment over the course of 30 minutes had no observable effects on
retrovirally transduced PAXS or CD19 proteins expression, but
MYC levels were clearly downregulated (Figure 2G). However,
while the half-life of MYC was approximately 17 minutes in vector-
transduced MYCS cells, MYC half-life was strongly increased, to
approximately 90 and 40 minutes, respectively, in cells transduced
with PAXS or CD19 (Figure 2G).

CHX treatment has the potential to indirectly inhibit gene
expression through changes in mRNA stability or protein trans-
lation. Thus, we also measured the half-life of MYC using pulse-
labeling followed by chase and radioimmunoprecipitation. Fully
consistent with the results of the CHX experiment, MYC was bare-
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CD19 promotes cell expansion in vitro and tumor growth in vivo. Cell lines used in these experiments were either (A—C) MYC5 or (D-G) its
single-cell subclone MYC5-M5. (A) Comparative analysis of growth rates of control- and anti-MYC siRNA-treated GFP- and CD19-reconstituted
MYCS5 cultures. (B) MYC protein levels in the same cultures. (C) Comparative analysis of growth rates of PAX5-, CD19-, and MYC-reconstituted
MYCS5 cultures. pMx, retroviral vector pMx-IRES-GFP; WST, absorbance at 440 nM of media conditioned by cells treated with water-soluble
tetrazolium salts. The effect of MYC on cell proliferation was approximately equal to that of CD19. (D) Expression levels of the CD19-MYC axis
component in CD19-reconstituted MYC5-M5 cells. (E) Levels of known MYC target genes in cultures from D. (F) Expression levels of the CD19-
MYC axis component in CD19-reconstituted MYC5-M5 tumors after subcutaneous engrafting in SCID mice. Three individual tumors (T) from
each cohort were randomly chosen for this analysis. (G) Growth rates of tumor xenografts from F. No less than 5 mice were analyzed in each

group. Error bars denote standard deviations.

ly detectable after approximately 30 minutes of chase in parental
cells but was strongly stabilized in the presence of either PAXS or
CD19 (Figure 2H). Thus, these 2 proteins are indeed positive post-
transcriptional regulators of MYC protein levels.

BCR-independent AKT activation is necessary and sufficient for Myc
induction by CD19. One of the known functions of CD19 signaling
is the recruitment and activation of PI3K (38) and ensuing activa-
tion of Akt (39-42), all in the context of BCR signaling (reviewed
in ref. 43). To determine whether Akt activation accompanies the
stabilization of MYC by CD19, we electroporated P493-6 cells
with anti-CD19 siRNA and assessed expression levels of the Akt
signaling components. As shown in Figure 3A, CD19 knockdown
decreased not only MYC protein levels but also those of phospho-
serine-473 in Akt and phosphoserine-9 in Akt’s target GSK3p.
Total Akt and GSK3 levels were unchanged. To determine wheth-
er Akt phosphorylation was necessary for MYC stabilization, we
treated P493-6 cells with the PI3K inhibitor LY294002. As antici-
pated, 1-hour LY294002 treatment resulted in decreased pAkt and
pGSK3p levels as well as decreased MYC levels (Figure 3B). Since
the reduction in MYC levels was relatively modest, we also repeated
this experiment in splenic B cells (obtained as described in Meth-
ods) and analyzed for purity using flow cytometry (Supplemental
Figure 2B). These short-term cultures responded to LY294002 very
robustly, as evidenced by very low pAkt and pGSK3f levels and
sharply downregulated MYC (Figure 3C).
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To further establish the role of Akt in MYC induction, we trans-
duced MYCS cells with retroviruses encoding constitutively active
Aktl and Ake2. In both cases, especially in Akt2-transduced cells,
we observed a commensurate increase in inhibitory GSK3f phos-
phorylation and MYC steady-state levels (Figure 3D). In addi-
tion to being an Akt target, GSK3f negatively regulates MYC
levels by phosphorylating Thr-58, provided that Ser-62 is already
phosphorylated by another kinase (reviewed in refs. 44, 45). This
allows binding of the Fbw7 ubiquitin ligase, which contributes to
MYC degradation (46). Thus, the same protein lysates were probed
with antibodies against MYC residues Thr-58 and Ser-62. While
Thr-58 phosphorylation was decreased in Akt-expressing cells,
GSK3p-independent Ser-62 phosphorylation was increased, con-
sistent with published data (47).

To determine whether GSK3f controls MYC protein levels in our
model system, increasing concentrations of anti-GSK3f siRNA
(10 nM, 0.1 uM, and 1 uM) were electroporated into P493-6
cells. As evidenced by data in Figure 3E, GSK3f knockdown led
to robust upregulation of MYC, attesting to the key role of the
PI3K/Akt/GSK3f pathway in regulating MYC protein output
in B cells. Similar effects were observed with individual siRNA
comprising the SMARTpool (see Supplemental Figure 1D and
data not shown.) To further validate this finding, we analyzed the
effects of mutating the GSK3f consensus site in MYC (Thr58Ala).
GFP- and PAXS5-overexpressing MYCS5 cells were additionally
Volume 122 Number 6
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CD19 contributes to MYC function in human B-lymphomas. (A) Model wherein CD19 promotes MYC stabilization in a BCR-independent manner
(see Results for more explanation). (B) GSEA enrichment plot for the DANG_MYC_TARGETS_UP set comparing CD19" tumors with CD19°
tumors. The normalized enrichment score, P value, and FDR q value are indicated below the plot. (C) Heat map generated during GSEA depict-
ing the MYC target genes and comparing CD19" tumors with CD19' tumors. (D) KM curves comparing survival of MYCh patients with that of
MYCle patients in the Hummel (53) and Lenz (57) studies. (E) KM curves comparing survival of CD19" patients with that of CD19 patients in

the Hummel (53) and Lenz (57) studies.

transduced with either wild-type or TS8A MYC constructs. We
observed that PAXS increased expression levels of both endog-
enous and retrovirally encoded wild-type MYC but not the TS8A
variant (Figure 3F).

Finally, we sought to determine whether the Akt-GSK3p axis
is necessary for MYC activation by CD19 in BCR-negative cells.
The analysis of control vector-transduced (MSCV-ires-NGFR-
transduced) and CD19-transduced MYCS cells revealed the same
increase in activating phosphorylation of Akt and inhibitory phos-
phorylation of GSK3p as in BCR-sufficient B cells (Figure 3G, left
2 columns). Then we repeated the same experiment with cells engi-
neered to overexpress phosphatase and tensin homolog (PTEN),
the key negative regulator of the PI3K pathway. As expected, PTEN
completely abolished Akt activation by CD19 and also prevented
MYC upregulation (Figure 3G, right 2 columns), establishing a
causal relationship between these 2 phenomena.

The CD19-Myc axis promotes cell expansion in vitro and in vivo. Given
the prominent role of MYC in cell division, we next asked whether
CD19 promotes cells growth in a MYC-dependent manner. To
this end, we treated parental and CD19-expressing MYCS cells
with siRNA against MYC, bringing down both basal and CD19-
induced MYC levels. As expected, the effects of CD19 on cell
growth in the presence of a-MYC siRNA were much smaller than
those seen in the presence of control siRNA (Figure 4A). How-
ever, in the presence of CD19, anti-MYC siRNA was not as effec-
tive as in control MYCS cells in reducing MYC levels (Figure 4B),

2262 The Journal of Clinical Investigation

http://www.jci.org

complicating interpretation of the results. Thus, we also directly
compared growth rates of PAX5-, CD19-, and MYC-transduced
MYCS cells (from Figure 2F and Figure 3F, respectively). PAX5-
transduced cells grew appreciably faster when compared with cells
transduced with CD19 or MYC (Figure 4C), perhaps because, in
addition to CD19, PAXS reactivates CD79a and growth-promot-
ing BCR signaling (27). However, CD19- and MYC-transduced
cells proliferated at approximately the same rates, suggesting that
CD19-induced proliferation doesn’t have a significant MYC-inde-
pendent component (Figure 4C).

To determine whether CD19 also promotes cell growth in vivo,
we used the MYCS5-MS subclone, which doesn’t reactivate PAXS
and CD19 when injected into mice (27, 30). Reconstitution of
MYCS5-MS cells with CD19 was performed as described for paren-
tal MYCS cells, using sorting for GFP (Supplemental Figure 3A).
As anticipated, MYC5-MS5/CD19 cells retained their quasi-myeloid
lineage, in that they were still positive for Macl and negative for
B220 (Supplemental Figure 3B). They also robustly upregulated
phospho-Akt and MYC (Figure 4D). To determine whether MYC
target genes responsible for cell cycle progression are upregulated in
CD19-reconstituted cells, we measured mRNA levels of 3 key MYC-
activated genes, ODCI (48), LDHA (49, 50), and CDK4 (51). In all
3 cases, we observed elevated mRNA levels in CD19-sufficient cul-
tures compared with those in CD19-deficient cultures (Figure 4E).
Also, we had previously demonstrated that widespread downregu-
lation of microRNAs by MYC contributes to neoplastic growth
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(52). Thus, we compared levels of 5 key MYC-repressed microRNAs
in CD19-negative and -reconstituted MYCS cells lines. For all 5
growth-suppressive microRNAs tested (miR-16, miR-34a, miR-150,
miR-195, and let-7e), we observed decreased levels in CD19-recon-
stituted cells (Supplemental Figure 3C).

Control and CD19-reconstituted MYCS5-MS5 cells were injected
into immunocompromised mice. The resultant tumors were ana-
lyzed for the components of the CD19-MYC axis. As anticipated,
increased MYC levels were accompanied by increased levels of
phospho-Akt and phospho-GSK3p (Figure 4F), while tumor cells
expressing mutant CD19 failed to activate Akt and upregulate MYC
protein expression, further stressing the importance of this path-
way for MYC-dependent neoplastic growth. Of note, CD19-recon-
stituted cells grew much faster and ultimately formed much larger
neoplasms (Figures 4G) than control GFP-only cells. This allowed
us to propose a molecular model wherein CD19 controls MYC levels
in a manner dependent on PI3K but not the BCR (Figure 5A).

Finally, we asked whether CD19 contributes to MYC function
in human B-lymphomas. We hypothesized that tumors exhibit-
ing increased CD19 expression would in turn exhibit increased
expression of MYC targets. To this end, we analyzed the publicly
available data set corresponding to hundreds of tumor specimens
profiled in the Hummel study (53). To avoid Burkitt’s lymphoma
cases that frequently harbor Thr-58 mutations (54), we focused
on 142 DLBCLs without Ig-MYC translocations. Using these fil-
tered cases, we categorized patient samples into 3 groups (CD19
high, intermediate, and low) and performed gene set enrichment
analysis (GSEA) (55) comparing CD19" and CD19' tumors. We
observed that CD19 tumors exhibited enrichment for the curated
gene set DANG_MYC_TARGETS_UP (ref. 56 and Figure 5B). This
enrichment was highly significant, with a normalized enrichment
score of 1.510677, a P value of less than 0.026476579, and a false
discovery rate (FDR) g value of less than 0.17252263. Importantly,
the enriched set included the 3 well-validated MYC targets ODCI,
CDK4,and LDHA, as demonstrated in the heat map in Figure 5C.

Since this analysis strongly connects CD19 expression to the
expression of MYC targets, we further postulated that CD19 and
MYC would have similar effects on patient survival. In addition to
the Hummel analysis, we included the Lenz study, which profiled
mRNA expression in conjunction with survival data for hundreds
of patients with DLBCL (57). In order to maintain the fidelity of
each individual study while gaining statistical insight from both,
we used the stratified log-rank test to determine the significance of
gene expression levels for overall survival. Of note, the distribution
of normalized MYC and CD19 values and the estimated Kaplan-
Meier (KM) curves of the 2 studies were similar, confirming the
appropriateness of combining the 2 studies. We first investigated
how MYC levels would affect patient survival. In each study, the
patients with low MYC expression values had better survival, com-
pared with that of patients with high MYC values (Figure 5D). The
stratified log-rank test yielded a x? value of 15.17 and a P value of
less than 0.0001, suggesting a significant negative effect of MYC
on survival. We next explored how CD19 affects patient survival.
Confirming our hypothesis, CD19 expression and MYC expression
had similar effects on patient survival (compare Figure 5, D and
E). Again, the stratified log-rank test (58) yielded a x? value of 5.39
and a Pvalue of 0.0203, suggesting that CD19 levels have a signifi-
cant negative effect on patient survival. Thus, both the GSEA and
survival analysis provide evidence that CD19 positively regulates
MYC function in human B-lymphomas.
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Discussion
The role of PAXS in promoting B-lymphomagenesis is now well rec-
ognized (26). Key evidence includes the relatively rare (14, 18) but
persistent t(9; 14) (p13; q32) translocation (15-17) juxtaposing PAXS
and the IgH locus; somatic hypermutations of PAXS in DLBCLs (19)
presumed to enhance PAXS expression; and gene knockdown/over-
expression studies performed in our laboratory (27). Negative effects
on B cell expansion were also observed after knockdown of the PAXS
effector CD79a in DLBCL cells lines (24). Since CD79a is the central
structural component of the BCR (8), these results suggested that
stimulation of CD79a/BCR signaling by PAXS5 underlies its trans-
forming activity. Indeed, in our own study, we observed that consti-
tutively active CD79a/b heterodimer (ITAM) also promotes B-lym-
phomagenesis (27). Similar conclusions regarding the role of BCR
in neoplastic growth have been reached by other laboratories (29).
Cooperation between BCR and MYC has been observed, hinting that
they might be acting in parallel, not collinear pathways (29). Indeed,
we report here that while restoration of PAXS expression strongly
augments MYC levels, ITAM has no appreciable effect on MYC levels.
Instead this role could be ascribed to CD19-mediated signaling.

CD19 is a well-known B cell surface molecule, which, upon BCR
activation, enhances B cell antigen receptor-induced signaling cru-
cial for the expansion of the B cell population (59). One known
mechanism of its action is the recruitment and activation of PI3 and
subsequently Akt kinases (38-42). This is accomplished through
the docking function of 2 tyrosine residues, Y482 and Y513, in the
cytoplasmic region of CD19 (60). Furthermore, inhibitory phos-
phorylation by Akt of GSK3f on Ser-9 is one of the key functions
of this pathway (61). In turn, phosphorylation of MYC on Thr-58
by GSK3p (reviewed in refs. 44, 62) leads to enhanced recognition
by the Fbw7 E3 ubiquitin ligase and accelerated protein degra-
dation (46). However, MYC protein stability is controlled exten-
sively by other phosphorylation sites and other ubiquitin ligases
(reviewed in refs. 44, 45). Hence, it was surprising to find that in
B cells inactivation of GSK3f has such profound effects on MYC
protein levels (see for example Figure 3E). The other surprise was
that stimulation of Akt signaling by CD19 (as seen in Figure 3G)
was observed in cells lacking the core BCR component CD79a
and thus was completely independent of BCR signaling, which is
known to control survival of mature B-lymphocytes (63-65).

Not only does CD19 augments MYC levels, it clearly has a posi-
tive effect on MYC function. For example, MYCS-MS5 cells recon-
stituted with CD19 exhibited elevated levels of MYC targets ODCI,
CDK4,and LDHA (Figure 4E). Moreover, in human DLBCLs there
was a highly statistically significant correlation between CDI19
mRNA levels and those of MYC-activated genes (Figure 5, B and
C), including ODC1, CDK4, and LDHA. Thus, it is not surprising
that CD19 levels in DLBCL negatively correlated with patient sur-
vival, just like MYC levels do (Figure 5, D and E).

CD19 is broadly expressed in both normal and neoplastic B cells.
Because B cell neoplasms frequently maintain PAXS and CD19
expression, it (along with CD20) is regarded as the target of choice
for a variety of immunotherapeutic agents, including immuno-
toxins (59, 66). In particular, humanized anti-CD19 mAbs and
allogeneic T cells expressing chimeric antibody receptor for CD19
have entered clinical trials in recent months. They are presumed to
work by recognizing and depleting CD19-expressing neoplastic B
cells (67, 68), but the picture could be more complicated. Notably,
treatment with anti-CD19 antibodies typically results in internal-
ization of CD19 (69) and, by inference, loss of its function. Thus,
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in addition to delivering the anticancer drug or T cells, conjugated
anti-CD19 antibodies are likely to reduce PI3K signaling and as
a result compromise MYC expression. Whether this unintended
consequence could be further exploited therapeutically represents
an important area for future research.

Another important question is what drives cell proliferation in
CD19-negative B cell neoplasms such as multiple myelomas (MMs),
which are derived from plasma cells. Interestingly, MYC rear-
rangements are very common in this disease (70, 71), and recently
described inhibitors of MYC gene transcription (JQ1) were used to
demonstrate the essential role of MYC in MM pathogenesis (72).
One can envision 2 explanations for how MYC levels are sustained in
MM in the absence of CD19. One explanation is that its rearranged
allele drives such robust transcription that the MYC protein can
accumulate to sufficient levels even in the absence of PI3K signaling.
The other more likely explanation is that in MM (and other CD19-
negative neoplasms such as Hodgkin’s lymphoma) surface recep-
tors other than CD19 are responsible for PI3K activation. This view
is supported by the observation that at least in vitro MM cells are
highly sensitive to PI3K inhibitors (73), possibly through destabili-
zation of MYC, the key oncoprotein in neoplasms of B cell origin.

Methods
Cell cultures and treatment with P13K inbibitor. MYCS and MYCS5-MS5 murine
B-lymphoma cells were cultured as described previously (27, 30, 31, 74).
The human B-lymphoblastic cell line P493-6 carries an inducible c-MYC
repression system, in which c-MYC transcription is driven by the synthetic
tetO7-TP promoter (34). They were cultured in RPMI-1640 (BioWhittaker)
supplemented with 10% heat-inactivated tet-free FBS (Clontech), 100 U/ml
penicillin, and 100 ug/ml streptomycin (Gibco). c-MYC expression in P493-6
cells was inhibited upon addition of Dox. In some experiments, P493-6
cells were treated with the PI3K inhibitor LY294002 (no. 9901; Cell Signal-
ing Technology) at a concentration of 10 uM.

Primary B cells cultures. Whole spleens were obtained from C57BL/6
female mice (8-12 weeks of age) and gently ground with the round-ended
plunger of a 1-ml syringe, followed by passing the cells over a 70-micron-
cell strainer. Red blood cells from the splenocytes were lysed with red cell
lysis buffer (Sigma-Aldrich) for 2 minutes at room temperature (RT). Cells
were then counted and seeded at 1 x 10 cells/ml in complete RPMI medi-
um supplemented with 50 uM B-ME. After culturing for 2 hours in an
incubator set at 37°C with 5% CO,, floating cells were harvested. They were
seeded at 1 x 106 cells/ml with the aforementioned medium supplemented
with LPS (stock concentration 10 ug/ml) used at 1:1,000 dilution. Spleno-
cytes were cultured for 3 days with LPS. Medium and LPS were replenished
every day, and cells were also counted every day to check for growth. By day
3, cells were more than 90% CD19°B220" as accessed by flow cytometry.
Bone marrow from female WT or CD19 knockout mice (36) (CS7BL/6
background, 8-12 weeks of age) was obtained by flushing the femurs and
tibias with complete DMEM. Red blood cells from the bone marrow were
lysed with red cell lysis buffer (Sigma-Aldrich) for 2 minutes at RT. Cells
were then counted and seeded at 0.5 x 10° cells/35-mm dish in MethoCult
medium containing IL-7. Day 9 cells were more than 90% CD19°B220*
as accessed by flow cytometry. BD Pharmingen antibodies used for flow
cytometry were PE rat anti-mouse CD19 (catalog no. 557399) and FITC rat
anti-mouse CD45R/B220 (catalog no. 553088). Control antibodies include
FITC rat IgG, (catalog no. 553929) and PE rat IgG, (catalog no. 553930).

Retroviral production and transduction. To overexpress PAXS or CD19 in MYCS
cells, cells were transduced with retroviral construct PAX5-MIGR1 (27, 30) or
CD19-pMx-ires-GFP (provided by Tomohiro Kurosaki at RIKEN Research
Institute, Yokohama, Japan). Transduction with empty vector served as con-
2264

The Journal of Clinical Investigation

http://www.jci.org

trol. To elucidate the effect of ITAM-mediated signaling in MYCS cells, cells
were transduced with the retrovirus MIGR1 encoding either the WT or the
mutant form of ITAM, in which both tyrosines of the Yxx(L/I)x6-8Yxx(L/I)
motif were replaced with alanine. ITAM constructs were provided by John
Monroe, Genentech, South San Francisco, California, USA. Transduced cells
were analyzed for GFP expression 24 hours after transduction to determine
transfection efficiency. Transduced cells were also sorted for GFP expres-
sion using identical gates based on GFP expression and collected for protein
analysis. To overexpress the constitutively active form of AKT, the retroviral
construct pLNCX1 encoding HA-tagged myristoylated AKT1 or AKT2 was
transduced into MYCS cells. Constructs were provided by Morris Bimbaum
at the University of Pennsylvania. Transduced cells were selected with G418
(Sigma-Aldrich) for 2 weeks, and overexpression of retroviral constructs was
assayed through HA expression by Western blotting. cDNAs of murine PTEN,
WT human MYC, and the TS8A MYC variant were cloned into the retroviral
vector MSCV-ires-NGFR. The T58A MYC variant was provided by Michael
Cole, Dartmouth Medical School, Hanover, New Hampshire, USA. Transfec-
tion efficiency was determined by flow cytometry with either isotype control
antibody PE mouse IgG1 (555749, BD Pharmingen) or PE mouse anti-human
CD271/NGEFR (560927, BD Pharmingen) to detect the expression of NGFR
on the cell surface. All retroviruses were generated using transfection with
Lipofectamine 2000 (Invitrogen) into GP293 cells. Infections were carried
over the course of 30 hours in the presence of polybrene (4 ug/ml).

Western blotting and immunoprecipitations. Total cell lysates were prepared,
and Western blotting was performed as described previously (74). Antibody
against PAXS was provided by Michael L. Atchison, University of Pennsyl-
vania. Other primary antibodies used in this study include anti-CD19 (no.
3574, Cell Signaling Technology), anti-PAN AKT (no. 4691, Cell Signaling
Technology), anti-phospho-AKT (Ser-473; no. 4060, Cell Signaling Tech-
nology), anti-Total GSK3f (no. 9315, Cell Signaling Technology), anti-
phospho-GSK3p (Ser-9; no. 9336, Cell Signaling Technology), and anti-
Total c-MYC (OP-10, Calbiochem) for detecting retroviral c-MYC in P493
and MYCS cells; anti-Total c-MYC (no. 5605, Cell Signaling Technology) for
detecting c-MYC in splenic B and bone marrow-derived B cells; and anti-
p-c-MYC Thr-58 (A00242, Genscript), anti-p-c-MYC Ser-62 (ab78318, abcam),
anti-Total Lyn (no. 2732, Cell Signaling Technology), anti-phospho-Lyn
(tyr396; ab40660, Abcam), rabbit anti-HA clone (catalog no. H6908, Sigma-
Aldrich), anti-CD22 (sc-7932, Santa Cruz Biotechnology Inc.), and anti-
B-Actin (A3853; Sigma-Aldrich). For immunoprecipitations, HA-tagged WT
or mutant ITAM-transduced MYCS cells were harvested by washing once in
cold PBS, followed by lysis in cold passive lysis buffer containing protease
and phosphatase inhibitors. HA-tagged ITAMs were immunoprecipitated
from an equal number of cells for each sample at a cell-to-volume ratio of’
1 x 10° cells/ml of passive lysis buffer using a 1:1,000 dilution of the mouse
monoclonal anti-HA clone 12CAS (catalog no. 11583 816 001; Roche).
Antibody incubation was performed at 4°C for 14 to 18 hours, followed by
immunoprecipitation with Protein A beads (Invitrogen) and washing with
cold passive lysis buffer containing protease and phosphatase inhibitors.

CHX experiment. MYCS cells stably transduced with either PAXS or CD19
retroviral construct were seeded at 1 x 10° cells/ml in 50-ml conical tubes
and received CHX (Sigma-Aldrich) treatment at 1 ug/ml, while stimulation
with 95% ethanol (Sigma-Aldrich) served as control. Cells were stimulated
for 0, 7.5, 15, and 30 minutes and harvested by spinning at 275 x g for
1 minute, followed by immediate lysis in protein lysis buffer (Bio-rad). Pro-
tein samples were resolved on 10% SDS-PAGE for Western blot analysis.
c-MYC protein levels were quantified by densitometry using ImageJ 1.43
(NIH), with quantitated values normalized to f-actin.

Pulse-chase experiment. MYCS cells stably transduced with either PAXS or
CD19 retroviral construct were prestarved for methionine by replacing the
culture medium with RPMI lacking L-methionine for 1 hour. Cells were
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labeled in vivo with 35S-methionine using 0.2 mCi/ml at the density of
107 cells/ml for 30 minutes. After labeling, cells were immediately washed
once with RPMI containing 5 mM L-methionine and then incubated in
the same media for the indicated chase times. Cells were harvested and
c-MYC proteins were immunoprecipitated. Labeled c-MYC was visualized
by autoradiography and quantified using a phosphorimager.

Tumor load studies. For in vivo experiments, 1.5 x 107 MYCS-MS cells were
stably transduced with empty retroviral vector, pMx-ires-GFP, or retrovi-
ral vector encoding CD19. Transduced cells sorted for the highest GFP*
expression were injected subcutaneously into SCID mice (National Cancer
Institute). Tumor size was measured every other day using a caliper, and
tumor weights were recorded on the day of tumor excision. Protein lysates
were obtained from tumors for Western blot analysis by lysing tumors at
a ratio of 40 mg of tumor per ml of lysis buffer. Tumors from MYCS-MS5
cells infected with retrovirus encoding PAXSER™M (4OHT-treated) or its
control vector (also 4OHT-treated) were obtained from a previous study
(27), and protein lysates were obtained for Western blot analysis.

Proliferation assay. Proliferation of MYC5-MS5 CD19-transduced cells in
vitro was determined using cell proliferation reagent WST-1 (Roche Molecu-
lar Biochemicals). Cells were seeded at 1 x 103 cells per well in 100 pl of culture
medium and were incubated for a total of 72 hours. Proliferation status was
determined every 24 hours by incubating with 10 ul of the cell proliferation
reagent WST-1 for 4 hours. The absorbance of the treated samples in trip-
licates was measured against a blank control and was measured at 440 nM
using a Synergy 2 microplate reader (BioTek Instruments).

siRNA knockdown experiments. P493-6 cells were treated with the double-
stranded ON-TARGET plus SMARTpool siRNA against human PAXS
(L-012241-00, Dharmacon), human total GSK3f (L-003010-00, Dharmacon),
or human CD19 (sc-29968, Santa Cruz Biotechnology Inc.). A nontargeting
pool of siRNA (D-001810-10, Dharmacon) was used as negative control for
siRNA experiments. ON-TARGET sets of 4 individual siRNAs against human
PAXS, CD19, or GSK3f were used. siRNA was electroporated into P493-6
cells with Amaxa Nucleofactor according to the manufacturer’s instructions
(Lonza). Efficiency of siRNA delivery was confirmed with a nonspecific dou-
ble-stranded BLOCK-iT fluorescent oligo (no. 2013, Invitrogen). The effec-
tiveness of silencing was confirmed by Western blotting. MYCS5 cells stably
transduced with CD19 retroviral construct or the control vector were electro-
porated with 10 nM of control or anti-human MYC siRNA (L-003282, Dhar-
macon). Cells were harvested 24 hours after electroporation and counted.

Real-time g-PCR. Real-time q-PCR was performed with the 7500 Real-Time
PCR System (Applied Biosystems). Primer sequences used for amplifications
in murine MYCS-M5-derived tumors were as follows: CDK4 sense 5'-CAAT-
GTTGTACGGCTGATGG-3'; CDK4 antisense 5'-CAGGCCGCTTAGAAACT-
GAC-3'; 0DCl1 sense 5S'-GTGGCAACTCATGAAGCAGA-3'; ODC1 antisense
S5'“TGCAGGCAAGAGCTACAAGA-3'; LDHA sense 5'-TCCGTTACCTGAT-
GGGAGAG-3'; LDHA antisense 5'-GTAGGCACTGTCCACCACCT-3".

Statistical analysis of cell and tumor growth. Cell proliferation study was
performed in triplicates. The CD19 tumor study was performed with
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5 mice per group. Statistical significance was assessed by a 1-tailed
unpaired Student’s ¢ test.

Gene set enrichment and survival analyses. Data from the Hummel (53) and
Lenz (57) studies were downloaded from the Gene Expression Omnibus
gateway (http://www.ncbi.nlm.nih.gov/geo/) using accession numbers
GSE4475 and GSE10846, respectively. Patients from the Hummel study were
initially sorted as Ig-MYC translocation positive and negative. The transloca-
tion-negative neoplasms were further sorted as CD19 high, intermediate, or
low. GSEA was performed comparing the expression data from CD19" and
CD19'% tumors. The data from Lenz and Hummel studies were also used to
evaluate the effect of CD19 and MYC expression on patient survival, as the 2
studies had similar design and the data could be combined. Using the pooled
data, we calculated the tertiles of the normalized CD19 and MYC values and
categorized patients into 3 groups: CD19 (or MYC) low, CD19 (or MYC)
intermediate, and CD19 (or MYC) high. We compared the KM curves of the
CD19 (or MYC) high group and CD19 (or MYC) low group.

Statistics. For the survival analysis, we conducted a stratified log-rank test,
testing the effect of CD19 on survival and stratifying based on the study
number (58) to account for the potential difference in the 2 studies. A 2-sided
P value of less than 0.05 was considered statistically significant, and SAS
9.2 was used to perform the analysis. For GSEA, a nominal P value of less
than 0.05, in combination with an FDR g value of less than 0.25, was con-
sidered statistically significant.

Study approval. Animal studies described herein have been approved by
The Children’s Hospital of Philadelphia Institutional Animal Care and Use
Committee (protocol no. 2009-12-902).
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