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Heterodimerization of Max with the nuclear oncoprotein Myc and the differentiation-associated proteins
Mad and Mxil enables these factors to bind E-box sites in DNA and control genes implicated in cell
proliferation and differentiation. We show that in the PC12 pheochromocytoma tumor cell line, functional Max
protein is not expressed because of the synthesis of a mutant max transcript. This transcript encodes a protein
incapable of homo- or heterodimerization. Furthermore, the mutant Max protein, unlike wild-type Max, is
incapable of repressing transcription from an E-box element. Synthesis of mutant max transcripts appears to
be due to a homozygous chromosomal alteration within the max gene. Reintroduction of max into PC12 cells
results in repression of E-box-dependent transcription and a reduction in growth rate, which may explain the
loss of Max expression either during the growth of the pheochromocytoma or in subsequent passage of the
PC12 cell line in vitro. Finally, the ability of these cells to divide, differentiate, and apoptose in the absence of
Max demonstrates for the first time that these processes can occur via Max- and possibly Myc-independent

mechanisms.

A significant advance in our understanding of the biochem-
ical basis of Myc oncoprotein function resulted from the iden-
tification of the Myc dimerization partner Max (1, 3, 49). The
ability of Myc to promote transformation, cellular prolifera-
tion, and apoptosis is believed to require dimerization with
Max (1, 2); moreover, studies in vivo with a lymphoma cell line
have shown that essentially all of the newly synthesized Myc
protein is associated with Max (14). Myc and Max belong to a
growing family of nuclear proteins containing the basic region
(b), helix-loop-helix (HLH), and leucine zipper (LZ) motifs
(bHLH-LZ), which permit dimerization and DNA binding (38,
46, 50). Binding of Max to Myc permits specific binding to the
sequence CACGTG, called an E-box Myc site, and related
sequences (11, 12, 36, 51). Through binding to DNA, Myc is
capable of activation of transcription from a promoter contain-
ing multiple CACGTG motifs (3, 29, 35, 37, 52). Max binds to
all three of the Myc oncoproteins, c-Myc, N-Myc, and L-Myc,
and appears to be essential in vivo for the transforming activity
of these proteins in the rat embryo fibroblast transformation
assay (1, 45, 65). In addition to the Myc proteins, two other
bHLH-LZ proteins have been isolated which bind to Max,
Mad and Mxil (7, 66). These proteins are induced during
differentiation of the myeloid cell lines U-937, HL-60, and
ML-1 (6, 40, 66), and in the case of U-937 cells, Mad has been
shown to replace c-Myc as the dimerization partner for Max
during differentiation of these cells (6). Current evidence sug-
gests that neither Myc, Mad, nor Mxil is capable of ho-
modimerization and DNA binding in vivo, although these ac-
tivities have been observed for Myc in vitro (20, 35, 36). Max
therefore appears to occupy a pivotal position as an obligate
partner for dimerization and DNA binding, dimerizing with
Myc proteins in proliferating cells and dimerizing with Mad or
Mxil in differentiating cells.

Current models of normal Myc function invoke a fundamen-
tal role for Myc as a transcription factor which regulates the
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cell cycle. Myc has been suggested to be necessary for the
G,-to-S (31, 33, 34) and the S-to-G,/M (60) transitions. An
alternative view regards Myc as an inhibitor of growth arrest or
differentiation (19, 24, 39). More recently, Myc has been pro-
posed as a component of an apoptotic program (4, 22, 59). It
is not clear whether Myc is absolutely required for any of these
processes or whether Myc simply influences these processes
under certain physiological conditions or in a limited spectrum
of cell types. However, Max has been shown to be required for
Myc-induced transformation (1) and for cell cycle progression
and apoptosis (2).

In this report, we show that functional Max protein is not
expressed in the rat tumor cell line PC12 (28) because of
aberrant processing of max transcripts. These mutant tran-
scripts do not encode the dimerization domain and C-terminal
sequences of the normal Max protein, and their translation
product appears to be nonfunctional. The synthesis of these
transcripts appears to be due to a homozygous chromosomal
rearrangement or translocation within the max gene. Reintro-
duction of Max into PC12 cells represses transcription depen-
dent on the E-box Myc site and has a mild growth-inhibitory
effect. This suggests that loss of Max expression may have
conferred a selective growth advantage on the cells either
during the origin of the tumor or in subsequent cell culture in
vitro. The identification of a cell line in which functional Max
is not expressed challenges the model that cellular prolifera-
tion and apoptosis have an absolute requirement for Myc-Max
heterodimers. Either Myc is capable of influencing these pro-
cesses in a Max-independent fashion, or Myc does not have an
essential role in these processes in PC12 cells.

MATERIALS AND METHODS

Cell culture, transfection, and immunoprecipitation. PC12 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf
serum and 5% horse serum (Hyclone). Cells were transfected by electroporation
(26). For immunoprecipitation of Max, a 50-cm? dish was labeled overnight with
500 pCi of 32PO,. Cells were lysed in 500 pl of 20 mM Tris (pH 7.4)-50 mM
NaCl-1 mM EDTA-0.5% Nonidet P-40 (NP40)-0.5% deoxycholate-0.5% so-
dium dodecyl sulfate (SDS)-0.2 mM phenylmethylsulfonyl fluoride (PMSF)-0.7
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wg of pepstatin per ml-5 pg of aprotinin per ml-10 mM NaF-50 mM B-glycer-
olphosphate on ice for 20 min, followed by sonication twice for 15 s each at 25
W. The lysate was spun for 15 min at 15,000 X g. Anti-Max CT is a rabbit
polyclonal antibody raised against amino acids 111 to 132 of mouse Max (LQT
NYPSSDNSLYTNAKGGTIS). Anti-Max loop antibody was raised against
amino acids 40 to 60 of mouse Max (KDSFHSLRDSVPSLQGEKASR). Poly-
clonal serum (20 wl) was added to 100 wl of lysate and left on ice for 1 h. Then
50 pl of a 50% slurry of protein A-Sepharose (Pharmacia) was added, and the
lysate was rocked for 2 h. The Sepharose pellet was washed twice in RIPA buffer
(150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris [pH 8]),
once with 2 M NaCl-10 mM Tris (pH 7.4)-1% NP40-0.5% deoxycholate, and
finally washed with RIPA buffer. Proteins were resolved by SDS-polyacrylamide
gel electrophoresis (PAGE).

Construction of MTMax and induction with zinc. max was subcloned into the
inducible vector pMV-33, containing the zinc-inducible mouse metallothionein
promoter (a gift of Riccardo Dalla-Favera, Columbia University). Stable PC12
clones containing the inducible max plasmid were selected in hygromycin B (100
pg/ml). Induction of max expression was done with 120 uM ZnSO, for 12 h.
Clones were screened for expression of max by RNase protection or immuno-
precipitation of 3?PO,-labeled cells with the anti-Max antibody as described
above.

Transient transcriptional transactivation assay. The E-box reporter construct
MA4TKluc contains four contiguous copies of the Myc/Max binding site
CACGTG inserted 15 nucleotides (nt) 5’ of the thymidine kinase (TK) minimal
promoter, which is 5" of the luciferase gene. The control plasmid TKluc contains
only the TK minimal promoter 5’ of the luciferase gene. Both plasmids were
constructed by replacement of the chloramphenicol acetyltransferase (CAT)
gene from pM4MinCAT or pMinCAT (gifts from Leo Kretzner [37]) with the
luciferase gene from pGL2 (Promega). Three micrograms of luciferase reporter
was cotransfected with plasmids expressing Max, Max9, or Max"'? from the
cytomegalovirus (CMV) promoter together with 1 pg of the B-galactosidase
expression vector CMVgal as an internal control for transfection efficiency. All
transfection mixes were brought to 25 pg of total DNA by using the empty
expression vector pcDNAlIamp. Luciferase and B-galactosidase activities were
measured 2 days posttransfection in a luminometer (Berthold) according to the
supplier’s instructions. For measurement of 3-galactosidase activity, we used the
Galacto-Light kit (Tropix).

Plasmid construction and cDNA library screen. Rat max was cloned by reverse
transcription-PCR with oligonucleotides which hybridized to sequence flanking
the mouse max open reading frame (ORF): 5" primer, AGAGAAGCTTGCCGT
AGGAAATGAGCGATAACG; 3’ primer, TACGTCGGATCCTTAGCTGGC
CTCCATCCGGAGTTT. The PCR product was cloned into the vector pcDNA
Tamp (InVitrogen) to give pPCMVrMax. The shorter splice variant of max en-
coding the 151-amino-acid protein was used to generate all RNase protection
probes. pSVrMax, in which max is under the control of the simian virus 40
(SV40) early promoter, was constructed by subcloning rat max from pCMVrMax
into the vector pSVK-3 (Promega). For production of the Max 5’ antisense
probe, pCMVrMax was digested with Smal and EcoRI and religated to give
pCMVrMax5'. For production of a rat c-myc antisense probe, a 190-bp Xhol-
BstYI fragment containing sequence from myc exon 3 was purified from pR-
mycl.2 (a gift from P. A. Overbeak, Baylor College of Medicine, Houston, Tex.)
and subcloned into pcDNAIamp to give prMycXho/Bst. The maxP*'? cDNA was
cloned from a PC12 cDNA library in Agt11 (Clontech). The 1.2-kb EcoRI insert
from the \ clone was subcloned into pcDNATIamp to give pMaxP*'2, For in vitro
translation of maxP°'2, the maxP°'> ORF (nucleotides 127 to 432 in Fig. 3A) was
amplified by PCR and subcloned into pcDNAIamp to give pMaxP*'>?0ORF. Glu-
tathione S-transferase (GST) fusion genes were constructed by subcloning PCR-
amplified fragments from pCMVrMax, pPCMVMaxP*'2, or pPCMVMyc (49) into
the vector pGSTag (54).

RNase protection. Antisense RNA was synthesized in vitro from 1 pg of
linearized plasmid by using SP6 polymerase and [*>P]dCTP as label (44). The
max probe was synthesized from pCMVrMax linearized with HindIII. The max5’
probe was synthesized from pCMVrMax5' linearized with HindIII. The max3’
probe was synthesized from pCMVrMax linearized with Smal. The myc probe
was synthesized from prMycXho/Bst linearized with HindIII. Total RNA (20 pg)
from PC12 or Ratla cells or 2 pg of mRNA from rat tissue was hybridized with
5 X 10° cpm of probe overnight, digested with RNase A and RNase T,, and
separated on a 6% denaturing polyacrylamide gel (5).

In vitro translation and GST pull-down assay. GST fusion proteins were
purified from isopropyl thiogalactopyranoside (IPTG)-induced Escherichia coli
(54). max or maxP'? was transcribed in vitro. Approximately 1 pg of RNA was
translated and labeled with [>*S]methionine in vitro with a wheat germ extract
(Promega). Labeled Max or MaxP*'? was added to 200 ng of GST protein in
Sepharose beads, incubated, and washed, and bound proteins were resolved on
polyacrylamide gels (30).

Northern (RNA) and Southern blotting. Polyadenylated RNA from PC12 or
Ratla cells was purified with oligo(dT) (InVitrogen FastTrack). Northern blots
were probed either with the full-length max ORF, with a 680-bp Xbal fragment
from maxP°'? containing sequence unique to this transcript (i.., not found in the
normal max transcript), or with an 800-bp EcoNI-EcoRI fragment from pCM-
VMpyn (49) containing sequence from the 3’ untranslated region of the max
mRNA. For Southern blots, genomic DNA from PC12 cells, Ratla cells, or
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FIG. 1. Absence of normal max expression in PC12 cells. (A) PC12 cells or
Ratla cells were labeled overnight with 32P;. Cell lysates were incubated with
anti-Max CT or anti-Max loop antibody, immunoprecipitated, and resolved on a
polyacrylamide gel. Where indicated, the antibody was blocked by incubation
with peptide prior to addition to cell lysate. (B) PC12 cells were transfected with
max expressed from the CMV promoter. The following day, cells were labeled
with 32P; and immunoprecipitated as before.

NEDH rat tissue was isolated, digested with restriction enzyme, and blotted onto
nylon filters (58). The mouse intronic probe used was an 8-kb Xba-Sma fragment
from p22Xba (40a). All probes were labeled with random hexanucleotides
(Boehringer Mannheim).

RESULTS

Normal Max protein is not expressed in PC12 cells. Given
the dependence of the activities of Myc, Mad, and Mxil on
Max, we were interested in the possible regulation of Max at
the transcriptional or post-transcriptional level. We analyzed
Max in a group of cell lines, including PC12 cells, a pheochro-
mocytoma tumor cell line which serves as a model for nerve
growth factor (NGF)-induced differentiation (28). In all cell
lines examined except PC12 cells, two phosphoproteins were
specifically immunoprecipitated from phosphate-labeled or
methionine-labeled cells with two different anti-Max antibod-
ies (Fig. 1A and unpublished observations). These two proteins
most likely correspond to Max and Max9, related Max proteins
produced by alternative splicing. Max9 contains an additional
nine amino acids near the N terminus (13, 49). We found no
evidence for regulation of either Max protein levels or phos-
phorylation during the cell cycle in BALB/c-3T3 cells or during
differentiation of F9 cells (not shown). However, unexpectedly,
we did not detect Max protein in PC12 cells (Fig. 1A). Despite
the failure to detect endogenous Max protein in PC12 cells,
Max expressed from exogenous vectors transfected into PC12
is easily detected by immunoprecipitation of phosphate-la-
beled cells (Fig. 1B), indicating that max transcripts can be
normally translated and Max protein can be phosphorylated in
these cells.

Analysis of max expression by RNase protection revealed
that only a fraction of the max ORF is expressed as mRNA in
PC12 cells. Using the full-length rat max ORF as probe, we
found complete protection of the probe in Ratla cells (Fig. 2B,
arrow 1), whereas in PC12 cells, only 150 nt of the probe was
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FIG. 2. Analysis of max-related transcripts in PC12 cells. (A) Antisense max probes used for RNase protection assays. (B) RNase protection assays with antisense
max probes. The max probe protects a 500-nt fragment in Ratla cells, corresponding to the full-length max ORF (arrow 1), whereas only 150 nt of the probe is protected
in PC12 cells (arrow 2). The max5' probe protects a 150-nt fragment in both Ratla and PC12. The max3’ probe protects a 300-nt fragment in Ratla (arrow 3) but gives
no protection product in PC12. (Note that this probe gives an artifactual protection product seen in all lanes, including the tRNA negative control.) RNA protected
by the myc probe is indicated by arrow 4. Numbers to the left refer to DNA size markers (in nucleotides), which run slightly faster than RNA of the corresponding size.

protected (arrow 2). We determined the region of max ex-
pressed in PC12 cells by using probes specific for either the first
150 nt of the max ORF (Fig. 2A, max5") or the remaining 300
nt of the max ORF (Fig. 2A, max3"). The max5’ probe pro-
tected 150 nt in both Ratla cells and PC12 cells, whereas the
max3' probe protected 300 nt in Ratla cells and gave no
protection product in PC12 cells (Fig. 2B). PC12 cells there-
fore express a max transcript containing approximately the first
150 nt of the normal max ORF. PC12 cells express myc mRNA
at low levels (Fig. 2B, arrow 4); indeed, myc has previously
been shown to be induced in PC12 cells by NGF, epidermal
growth factor (EGF), and fibroblast growth factor (FGF) with
immediate-early kinetics (27).

Cloning from a PC12 library of a novel max ¢cDNA which
encodes a protein unable to dimerize with Myc or Max. The
RNase protection experiments described above indicate that a
novel max transcript is expressed in PC12 cells. We therefore
screened a Agtll PC12 cDNA library with the rat max ORF.
From 300,000 plaques, a single plaque hybridized to the probe.
The nucleotide sequence of the 1.2-kb insert from this clone
was found to contain an ORF which is predicted to encode a
novel protein which we call MaxP“'?, consisting of the 48 ami-
no-terminal amino acids of rat Max fused to a 53-amino-acid
sequence of unknown origin (Fig. 3). The maxP°'? transcript is
identical to the previously described max message up to nt 331
of the max cDNA sequence (49). This position coincides with
an exon boundary of the chicken max gene (62). The maxP'?
transcript therefore appears to result from aberrant processing
or another fault in expression of exons downstream of this
exon.

The predicted amino acid sequence of MaxP¢!? contains the
basic region, helix 1, and loop regions of Max but does not

contain helix 2, the leucine zipper, or the carboxyl terminus of
Max (Fig. 3B). The crystallographic structure of the Max ho-
modimer shows that helix 2 and the leucine zipper constitute a
continuous o helix, which forms the major part of the dimer-
ization interface (23). The absence of these structures from
MaxP!? would be predicted to render the protein incapable of
dimerization. We tested directly, by in vitro translation, the
ability of the cDNA to encode MaxP°'? and of MaxP°'? to
dimerize with Myc or Max by measuring the ability of the in
vitro-translated protein to bind to various GST fusion proteins.
As expected, in vitro-translated Max bound to GST-Max and
GST-Myc beads, but it did not bind to GST or GST-MaxP°'?
(Fig. 4B). In vitro translation of the maxP*'* cDNA yielded a
product of the anticipated size for MaxP°'?, which was recog-
nized by the anti-Max loop antibody (Fig. 4C). However, in
contrast to in vitro-translated Max, in vitro-translated MaxP°!?
failed to bind to GST-Max, GST-Myc, or GST-Max**!? (Fig.
4C). These results indicate that the PC12 mRNA sequence
encodes a product, MaxP'?, which is unable to substitute func-
tionally for Max as a Myc dimerization partner in PC12 cells
and is most likely a nonfunctional variant of Max. Indeed, we
do not detect expression of MaxP“'? by immunoprecipitation
from methionine-labeled cells with the antiloop antibody (re-
sults not shown). We also tested the ability of MaxP*'? to
repress transcription from an E-box element. Figure 5 shows
that wild-type Max and Max9 repress transcription approxi-
mately fourfold in PC12 cells, whereas MaxP'? had no effect.

Max”'? transcripts are not found in a range of rat tissues.
Comparison of Ratla and PC12 RNA by Northern blot anal-
ysis with the max ORF as the probe revealed multiple large
transcripts in PC12 cells which were not seen in Ratla cells
(Fig. 6A). Sequences unique to maxP'? are not expressed in
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FIG. 3. Novel max transcript expressed in PC12. (A) maxP*'? sequence. The normal Max protein sequence is shown in uppercase and the novel protein sequence
is shown in lowercase letters. (B) Schematic representation of the Max protein variant encoded by maxP°'2. aa, amino acids.

Ratla, whereas multiple PC12-specific transcripts are detected
(Fig. 6B). Initially, we speculated that the novel transcript
cloned from PC12 cells might result from a regulated splicing
event specific to certain cell types. Alternatively, the transcript
might result from a mutation in the max gene resulting in
aberrant processing of max RNA. If the former were the case,
we might expect to find similar transcripts in RNA from nor-
mal rat tissues. We therefore screened mRNA from a series of
rat tissues by RNase protection, with antisense maxP°'? as a
probe (Fig. 7). If normal max is expressed, only 150 nt are
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protected, corresponding to the 5’ fragment of max present in
the maxP°'? probe, as seen in Ratla cells (Fig. 7, arrow 2).
Expression of the maxP'? transcript results in a 310-nt protec-
tion product, as observed in PC12 (Fig. 7, arrow 1). max but
not maxP°'? transcripts are detected in mRNA from rat brain,
heart, muscle, kidney, intestine, lung, and liver. As expected,
myc mRNA is also detected in all of these tissues, although
only at low levels in brain and heart (Fig. 7, arrow 3). Thus, myc
and max but not maxP°'? transcripts could be detected in the
rat tissues analyzed and in NIH 3T3 and CTLL-2 cells (not
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FIG. 4. MaxP°'? fails to bind Myc, Max, or itself. (A) GST fusion proteins after purification on GST-Sepharose beads. GST-Max and GST-MaxP°'? contain the entire
Max and MaxP°!? proteins, respectively, fused to GST. GST-MycHLH-LZ contains the C terminus of Myc, including the HLH-LZ motif, fused to GST. (B and C)
Binding of in vitro-translated Max (B) and MaxP¢!? (C) to GST fusion proteins. Max and MaxP*!? were transcribed in vitro and translated in wheat germ extracts.
Proteins were precipitated with 200 ng of GST fusion protein and separated on 12% (B) or 15% (C) polyacrylamide gels. Lanes marked IP were immunoprecipitated
with the anti Max-loop antibody. Arrows indicate the Max and MaxP*!? proteins.
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FIG. 5. Max but not MaxP*!? can repress transcription from an E-box ele-
ment in PC12 cells. PC12 cells were transiently transfected with 3 ug of a
reporter plasmid containing four copies of the consensus Myc/Max binding site
and the TK minimal promoter 5" of the luciferase gene (pM4TKluc) or the TK
minimal promoter alone (TKluc). Max, Max9, and MaxP®!? expression plasmids
were cotransfected as indicated. Bars indicate the standard error of the mean
calculated from triplicate experiments.

shown). In PCI12 cells, additional RNase protection products
besides the maxP°'? transcript are also detected, presumably
corresponding to multiple aberrantly processed transcripts
(Fig. 7), in agreement with the Northern analysis (Fig. 6A and
B).

Aberrant processing of max mRNA in PC12 cells appears to
be due to a chromosomal rearrangement or translocation of
the max gene. Max was also absent from the PC12 subline U2,
which fails to arrest growth in response to NGF (16), and from
a morphologically transformed PC12 clone stably transfected
with the Ela oncogene (15), as assayed by immunoprecipita-
tion and RNase protection (not shown). The consistent ab-
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FIG. 6. Northern blots of max transcripts expressed in PC12 and Ratla cell
lines. (A) Ratla or PC12 mRNA probed with max reveals multiple large tran-
scripts in PC12. (B) A probe containing sequences specific to maxP'? detects
transcripts in PC12 but not Ratla. (C) A probe containing sequences from the
max 3' untranslated region detects transcripts only in Ratla cells.
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FIG. 7. RNase protection by the maxP°'? transcript in PC12 and Ratla cells
and seven rat tissues. The maxP<'? probe is a 310-nt fragment of maxP*'? con-
taining the maxP*'? ORF (150 bp of the normal max transcript and 160 bp unique
to the maxP*'? transcript). Conditions were as for Fig. 2 except that 2 ug of
mRNA was used per reaction for rat tissues.

sence of Max from different sublines of PC12 suggested a
mutational origin for the aberrant processing of max in PC12
cells. Furthermore, the absence of any wild-type max tran-
scripts indicated that both max alleles might be affected. Initial
comparison of Southern blots of PC12 and Ratla DNA with
the max ORF as the probe failed to reveal mutations within the
PC12 max exons (Fig. 8B). Since no exons 3’ of the exon
encoding the basic region, helix 1, and loop regions of Max are
expressed in PC12 cells (Fig. 2A and 6C), we wondered
whether a rearrangement of the intron 3’ of this exon could
account for the aberrant processing of downstream exons (Fig.
8A; the intron in question is designated C). Using a probe from
max intron C, we identified a homozygous PC12 chromosomal
alteration by comparing PC12 cells with Ratla cells (Fig. 8C).
To exclude the possibility that the mutation observed is a
polymorphism, we also compared PC12 cells with DNA from
the NEDH strain of rat, from which PC12 cells are derived
(Fig. 8C). In Ratla cells and NEDH rat cells, a 9.5-kb HindIII
fragment is detected, whereas in PC12 cells, a 15-kb fragment
is detected. Similarly, an 8.5-kb Pvull fragment is detected in
Ratla cells and NEDH rat cells, versus a 7-kb fragment in
PC12 cells. These observations demonstrate that PC12 cells
are mutant with respect to both Ratla cells and the NEDH rat,
confirming that the mutation arose during the formation of the
tumor or during subsequent in vitro selection of the PC12 cells.

The observed genomic mutation may reflect either a rear-
rangement within the max gene or a chromosomal transloca-
tion in which the breakpoint falls within this intron of the max
gene. A rearrangement within this intron of max is entirely
consistent with the results of RNase protection, in which no
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FIG. 8. Southern blots of the max gene in PC12 cells and Ratla cells. (A) Schematic representation of the max gene intron-exon structure. (B) Ratla and PC12
genomic DNA probed with the max ORF. (C) Ratla, NEDH rat, and PC12 genomic DNA probed with a fragment of intron C.

coding exons 3’ of this intron are expressed. Furthermore,
Northern blotting with the max 3’ untranslated region showed
no expression of 3’ noncoding exons (Fig. 6C).

Max exerts a mild growth-inhibitory effect in PC12 cells. To
assess the effect of reintroducing Max into PC12 cells, we
cloned stable lines of PC12 cells containing max under the
control of the Zn?*-inducible mouse metallothionein pro-
moter. These clones all express a low level of Max protein in
the absence of the inducer. Max protein expression is induced
in these clones approximately 10-fold by Zn**, to a level com-
parable with endogenous Ratla expression of Max (Fig. 9A).
Clones expressing Max were indistinguishable from control
clones expressing the empty expression vector or parental
PC12 cells, both in their morphology and in their ability to
differentiate in response to NGF (not shown). The basal un-
induced expression of Max appeared to result in a slight re-
duction in the rate of cellular proliferation, at least for cells at
low density (Fig. 9B). Surprisingly, induction of Max resulted
in no further growth retardation (results not shown). This
might be explained if the basal level of Max expressed in
uninduced cells was already saturating with respect to its
growth-inhibitory potential.

DISCUSSION

We have shown that in the well-characterized rat tumor cell
line PC12, functional Max protein is not expressed because of
aberrant processing of the max mRNA. We base this conclu-
sion on the following observations. (i) Immunoprecipitation
with two independent anti-Max antibodies fails to detect Max
protein in PC12 cells but readily detects both Max splice vari-
ants in Ratla cells. (ii) By RNase protection, we show that only
the sequence encoding the N terminus of Max is expressed in
PC12, whereas 3’ exons encoding helix 2 of the helix-loop-helix
motif, the leucine zipper, and the C terminus of Max are not
expressed in PC12 cells. (iii) By Northern blotting, we show
that sequences in the 3’ untranslated region of the normal max
message are not expressed. Therefore, all exons 3’ of the exon
encoding the basic region, helix 1, and loop of the helix-loop-
helix motif fail to be expressed in PC12 cells (Fig. 8A). (iv) We
have also shown by Northern blotting that PC12 cells express
multiple polyadenylated transcripts of abnormally large size
relative to wild-type max mRNA, suggesting a dysfunction in
the splicing of max mRNA in these cells. (v) We have cloned
a max-related cDNA from PC12 cells. In agreement with the
RNase protection results, this cDNA contains only the first 150

nt of the max ORF fused to a novel sequence. The protein
encoded by this cDNA cannot functionally substitute for Max,
as determined by its inability to dimerize with Myc or Max in
vitro and its inability to repress transcription from an E-box.
(vi) Finally, we have identified a homozygous mutation in the
PC12 max gene which is consistent with the aberrant process-
ing of max transcripts in these cells.

The observation of homozygous mutation of max in PC12
cells suggests that loss of max expression may have been a
selected event either in the development of the rat pheochro-
mocytoma or during subsequent cell culturing in vitro. How-
ever, we find that reintroduction of Max into PC12 cells re-
duced the rate of cellular proliferation only slightly. We have
observed a comparable weak growth-inhibitory effect of Max
expression in PC12 cells assayed by the ability of Max to inhibit
neomycin-resistant colony formation, an effect also observed in
Ratla cells (results not shown). Ectopic expression of Max has
also been observed to retard the growth rate in murine eryth-
roleukemia cells (18). In normal tissues, Max expression ap-
pears to be constitutive and ubiquitous (10, 14, 40, 64). Al-
though the formation of Myc-Max heterodimers is associated
with proliferation of cells, Mad-Max or Mxil-Max het-
erodimers appear to be associated with differentiation of var-
ious cell types, including the myeloid cell lines U-937, HL-60,
and ML-1 (6, 40, 66) and the adipocyte cell line 3T3-L1 (40b).
In PC12 cells, we have observed a high level of mxil expression
even in the absence of NGF, but little or no expression of mad
(40b). Mutational loss of Max expression might therefore re-
lease cells from growth inhibition due to transcriptional effects
of Mxil-Max complexes or complexes of Max with as yet un-
characterized Max dimerization partners. In agreement, Max
expression in PC12 repressed E-box-dependent transcription
from a test promoter, although surprisingly, cotransfection of
Mxil did not potentiate this repression (unpublished results).
Despite this repression at the transcriptional level, the ob-
served growth-inhibitory effect of exogenously expressed Max
appears to be weak and was achieved at low Max levels. Pos-
sibly the ability of PC12 to survive and proliferate in the ab-
sence of Max reflects decreased reliance by these cells on Myc-,
Max-, and Mxil-regulated pathways for control of prolifera-
tion. Such a decrease could arise from other, uncharacterized
oncogenic mutations.

max has been mapped to human chromosome 14q22-24 (25,
64). This position is associated with a t(12;14)(q13-15;q23-24)
chromosomal translocation in uterine leiomyomas and dele-
tions in malignant lymphomas and B-cell chronic lymphocytic
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FIG. 9. Expression of Max in PC12 cells under the control of an inducible
promoter. (A) Detection of Max protein expression in two PC12 clones. PC12
clones Max4 and Max7 contain the rat max gene under the control of the
Zn>*-inducible mouse metallothionein promoter. Cells were treated with Zn?*
for 12 h or not treated. Max protein was detected by immunoprecipitation from
32PQ,-labeled cells followed by electrophoresis on an SDS-12% polyacrylamide
gel. Max immunoprecipitated from Ratla cells is shown for comparison. (B)
Growth curves for three Max-expressing PC12 clones (Max4, Max7, and Max10)
and two control clones containing the empty vector (MT3 and MT4). Cell nuclei
were counted every 2 days. On day 0, 0.5 X 10° cells were plated. At each time
point, the cell number was determined three times for each clone.
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leukemia (63). Conceivably, these mutations are specifically
associated with loss of Max function. The notion that Max
might function as a tumor suppresser rests on the assumption
that certain tumors can grow in the absence of Myc-Max
dimers. This appears to be the case for the PC12 tumor cell
line. We examined 2 rat pheochromocytomas and 12 human
pheochromocytomas and related paragliomas (kindly provided
by A. Tischler, New England Medical Center) for mutation of
the max gene. By probing of Southern blots of DNA from these
tumors with the max gene, we found no evidence for mutation
of max (unpublished observations). We conclude that mutation
of max is unlikely to be a common genetic lesion in this class of
tumor, although we cannot exclude the existence of homozy-
gous point mutations in the max gene, not detected by our
Southern blot analysis, which might disrupt max function.

An important question arising from this work is whether
Myc exerts any biological effects when expressed in PC12 cells.
The evidence on this point is conflicting. We observe a low
level of expression of endogenous Myc mRNA in PCI12 cells
(Fig. 2B). Indeed, myc has been shown to be transcriptionaly
induced in these cells by NGF, EGF, and FGF (27). Ectopic
expression of Myc in PC12 cells was reported to transform cells
in a manner similar to transformation by Ela (43). We have
constructed PC12 clones containing c-Myc under the control of
the inducible metallothionein promoter. We see no significant
effect of Myc induction in these cells on cellular proliferation,
as measured by fluorescence-activated cell sorting analysis (un-
published observations). Nevertheless, we cannot exclude
other effects of Myc in PC12 cells not measured in our assays.
Evidence has been presented for transcriptional transactiva-
tion by c-Myc from Myc/Max binding sites in PC12 cells (53).
However, we do not see this effect in PC12 cells even when max
is cotransfected (unpublished observations). These conflicting
results might be due to subtle differences in the reporter and
expression plasmids used. However, we have examined the
effect of Myc on two related reporter constructs, using Myc
under the control of either the strong CMV promoter or the
weaker SV40 promoter, and have so far failed to observe
transcriptional transactivation by Myc in these cells.

Myc has recently been shown to inhibit transcription from an
initiator element in vitro via interaction with the initiator-
binding basal transcription factor TFII-I (55) and to be capable
of transcriptional repression in vivo through the initiator (41,
47). In vitro association of Myc with the transcription regulator
YY-1 (61), the tumor suppressor protein Rb (57), the Rb-
related protein p107 (29), and the basal transcription factor
TBP (32) has also been observed. For pl07 and TBP, this
association was demonstrated to occur in vivo (29, 42). Myc
may therefore still function in PC12 cells and execute certain
of its functions via interaction with these or other proteins,
although, as indicated above, the evidence for an effect of Myc
in PC12 cells is conflicting.

It is currently unclear whether normal mammalian cells can
divide in the absence of Myc. Knockouts of N-myc and c-myc
in mice are both embryonic lethal, arguing a crucial role for
Myc proteins in embryogenesis (17, 21). However, the early
embryo undergoes a number of divisions in the absence of
either N-Myc or c-Myc. This could be due to functional redun-
dancy between N-Myc and c-Myc, or it may reflect the ability
of cells to proliferate in the absence of Myc function but the
failure of these cells to respond appropriately to developmen-
tal cues. Conceivably, an additional mutation(s) in PC12 may
have released these cells from Myc dependence.

PC12 cells are the first cell line to be described which lacks
Max expression and should prove a useful tool in the analysis
of those Myc, Mad, and Mxil functions, if any, which are
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independent of Max. We see a high basal level of activity for an
E-box element in PC12 cells, which is significantly repressed by
Max (Fig. 5). Surprisingly, neither Myc, Mad, nor Mxil had any
effect on this element in the presence or absence of Max
(unpublished observations). This result suggests that addi-
tional factors that are either absent or present at limiting levels
in PC12 cells may be required for transcriptional activation by
Myc-Max complexes or repression by Mad-Max and Mxil-Max
complexes. Other promoters proposed as targets for Myc ac-
tivation can now be tested for dependence on Max.

The identification of a cell line in which functional Max
protein is not expressed permits a refinement of current mod-
els of Myc and Max function in proliferation, differentiation,
and apoptosis. Our results show that the proliferation of PC12
cells and their well-characterized ability to differentiate in re-
sponse to NGF must take place without reliance on Max func-
tion. In addition, Max is dispensable for apoptosis in PC12,
since PC12 cells undergo classical apoptosis under conditions
of NGF deprivation and low serum levels (8, 9, 48, 56). Thus,
the functions of Myc, Mad, and Mxil which are dependent
upon interaction with Max must be dispensable in PC12 for
traversal of the cell cycle, differentiation, and apoptosis.
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