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Pescadillo (PES1) and the upstream binding factor (UBF1) play a role in ribosome biogenesis, which
regulates cell size, an important component of cell proliferation. We have investigated the effects of PES1 and
UBF1 on the growth and differentiation of cell lines derived from 32D cells, an interleukin-3 (IL-3)-dependent
murine myeloid cell line. Parental 32D cells and 32D IGF-IR cells (expressing increased levels of the type 1
insulin-like growth factor I [IGF-I] receptor [IGF-IR]) do not express insulin receptor substrate 1 (IRS-1) or
IRS-2. 32D IGF-IR cells differentiate when the cells are shifted from IL-3 to IGF-I. Ectopic expression of IRS-1
inhibits differentiation and transforms 32D IGF-IR cells into a tumor-forming cell line. We found that PES1
and UBF1 increased cell size and/or altered the cell cycle distribution of 32D-derived cells but failed to make
them IL-3 independent. PES1 and UBF1 also failed to inhibit the differentiation program initiated by the
activation of the IGF-IR, which is blocked by IRS-1. 32D IGF-IR cells expressing PES1 or UBF1 differentiate
into granulocytes like their parental cells. In contrast, PES1 and UBF1 can transform mouse embryo fibro-
blasts that have high levels of endogenous IRS-1 and are not prone to differentiation. Our results provide a
model for one of the theories of myeloid leukemia, in which both a stimulus of proliferation and a block of
differentiation are required for leukemia development.

Growth in the size of an individual cell is a fundamental
growth process, as cell division requires growth in the size of
the cell (13, 19). Cell size is essentially dependent on ribosome
biogenesis (23). Ribosome biogenesis is controlled by the rate
of rRNA synthesis (37), which is dependent on the activity of
RNA polymerase I (10, 16, 28, 48). Thus, cell size is regulated
by RNA polymerase I and the proteins that modulate its ac-
tivity. Among the proteins which regulate the activity of RNA
polymerase I is the upstream binding factor (UBF1) (16).
While an increase in cell size is necessary for cell proliferation,
cell division also requires the implementation of the cell cycle
program. An important question is how the two programs,
increase in cell size and cell cycle progression, are coordinated.
Recent reports have indicated that certain proteins are in-
volved in both the cell cycle program and ribosome biogenesis
(15, 21, 33, 41, 67). One of these proteins is pescadillo (also
called PES1 and Yphlp), reported to be involved in DNA
replication and ribosome biogenesis (12, 31).

In many hemopoietic cell lines, the induction of differenti-
ation is preceded by a period of vigorous cell proliferation, and
it has been suggested that this period of cell proliferation is
necessary for differentiation to occur (65, 71). It seems that, in
hemopoietic cells, certain growth factors send both prolifera-
tion and differentiation signals (38), with the latter eventually
prevailing. Therefore, at least in certain cell types, a third
component may be necessary for sustained cell proliferation—
i.e., the extinction of a differentiation program. This hypothesis
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is not novel. For years, a number of investigators have pro-
posed that a block in differentiation is a sine qua non for the
development of malignancy, particularly in hemopoietic tu-
mors (14, 24, 42, 43, 54, 60). Indeed, the use of retinoic acid for
some forms of leukemia has been referred to as a differentia-
tion therapy (6). This situation has been elegantly summarized
by Gilliland and Tallman (14), who proposed two classes of
mutations in acute leukemia: one class of mutations confers a
proliferative advantage, while a second class of mutations im-
pairs hemopoietic differentiation.

The respective roles of proliferation and differentiation in
determining the fate of hemopoietic cells are well illustrated
for 32D murine myeloid cells. 32D cells require interleukin-3
(IL-3) for growth and rapidly undergo apoptosis after the with-
drawal of IL-3 (65, 74). Parental 32D cells have very low levels
of the type 1 insulin-like growth factor I (IGF-I) receptor
(IGF-IR) and do not express insulin receptor substrate (IRS)
1 (IRS-1) or IRS-2 (64, 70, 73), the main docking protein of
both the IGF-IR and the insulin receptor (72). 32D cells ex-
pressing moderate levels of a human IGF-IR (32D IGF-IR
cells) survive in the absence of IL-3 and, with the addition of
IGF-1, grow vigorously for about 48 h (64). After 48 to 72 h,
32D IGF-IR cells begin to differentiate along the granulocytic
pathway (64). This action is not surprising, as IGF-I can induce
differentiation in other hemopoietic cell lines besides the 32D
cell line (1, 32). When 32D IGF-IR cells are stably transfected
with a plasmid expressing IRS-1 (32D IGF-IR/IRS-1 cells), the
cells no longer differentiate, grow indefinitely in the absence of
IL-3, and even form tumors in mice (63). We interpret these
results as indicating that in 32D cells, the activated IGF-IR,
like other growth factor receptors of hemopoietic cells, sends
signals for both proliferation and differentiation. When the
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cells express IRS-1, proliferation prevails, while in its absence,
the cells differentiate. The antidifferentiation signal from
IRS-1 is indirectly supported by the observation that cell types
prone to differentiation often do not express IRS-1 or express
very small amounts (25, 36, 53, 59, 70).

IRS-1 also plays a major role in the regulation of cell and
body size. Drosophila has a receptor that partakes of both the
IGF-IR and the IR and has homologues of the IRS proteins
phosphatidylinositol 3-kinase, Akt, and S6K1. All of these ho-
mologues regulate cell and body size in Drosophila (4, 30, 35,
66). For instance, deletion of the Drosophila IRS homologue
chico reduces fly weight by 65% in females and 55% in males.
The reduction in body and organ size is due to a reduction in
both cell number and cell size. Mice with a targeted disruption
of the IRS-1 (45) or S6K1 (57) gene are smaller than their
wild-type littermates. Similarly, 32D cells expressing IRS-1 are
twice as large as 32D cells not expressing IRS-1, even when
both cell types are growing exponentially (63). The recent
reports that IRS-1 can translocate to the nucleus and bind
UBF1 (58, 62) provide a molecular explanation for the effect of
IRS-1 on cell and body size. During differentiation (which is
inhibited by IRS-1), an inhibition of RNA polymerase I activity
(10, 11, 28, 61) and a decrease in cell size (63) occur. In
terminally differentiated cells, UBF1 is no longer detectable
(11, 61), and the nucleolus (which is the site of rRNA synthe-
sis) involutes (50).

As indicated above, PES1 is involved in both ribosome bio-
genesis and DNA replication, while UBF1 is one of the regu-
lators of RNA polymerase I activity. Our hypothesis is that
32D-derived cells require three different signals from the ac-
tivated IGF-IR for sustained cell proliferation: an increase in
cell size, the activation of the cell cycle program, and the
extinction of a differentiation program. To test this hypothesis,
we examined whether PES1 and UBF1 can make 32D IGF-IR
cells IL-3 independent, like IRS-1 does. We found that both
PES1 and UBF1 cause an increase in cell size, that PES1 alters
the cell cycle distribution, but that neither of them can inhibit
the differentiation program and make 32D IGF-IR cells grow
indefinitely in medium deprived of IL-3 and supplemented
with IGF-1. The results were different for two cell lines of
untransformed mouse embryo fibroblasts (MEFs) that express
substantial levels of IRS-1 and are therefore refractory to dif-
ferentiation. In these cells, both PES1 and UBF1 cause cellular
transformation, as measured by the ability to form colonies in
soft agar. We suggest that, with regard to IGF-IR signaling in
32D cells, extinction of the differentiation program is a re-
quirement for sustained cell proliferation. This suggestion is in
agreement with the hypothesis mentioned above that in certain
forms of leukemia, both a stimulation of proliferation and a
block of differentiation are necessary for tumor development.
In this respect, our experiments simply provide a molecularly
defined model for the respective roles of proliferation and
differentiation in the growth of a myeloid cell line that can
either differentiate or be transformed into a tumor-forming
cell line (63).

MATERIALS AND METHODS

Plasmids. pPRcCMV FLAG UBF1, containing the mouse UBF1 cDNA with a
5" FLAG tag, was a gift from I. Grummt, German Cancer Research Center,
Heidelberg, Germany. It was described by Voit et al. (67). 5 FLAG UBF1
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cDNA was excised with HindIII and Xbal, filled in with the Klenow enzyme, and
cloned in the HindIII/Hpal sites of the MSCVpuro retroviral vector, generating the
MSCVpuro FLAG/UBF1 retroviral vector. Selection was carried out with 1.5 g of
puromycin/ml. PES1 3'FLAG cDNA was generated by PCR from a mouse heart
cDNA library (Clontech) with the following primers: forward primer, 5'-ACGTGG
AGCTATGGGAGGTCTG-3'; and reverse primer, 5'-CTACTTGTCATCGTCG
TCCTTGTAGTCAGGGACAACTGGAGCGCACAC-3'. PCR products were
cloned in the Topo2.1 vector (Invitrogen) following the manufacturer’s protocol.
The PESI cDNA sequence was the same as that in NCBI accession number
AF289539. PES1 FLAG cDNA was excised from the Topo2.1 plasmid with
BamHI/Xhol and ligated with BglII/Xhol in the MSCVpuro retroviral vector,
generating the MSCVpuro PES1/FLAG retroviral vector.

Cell lines. The cell lines used were 32D clone 3 (65), 32D IGF-IR (63), and
32D IGF-IR/IRS-1 (64). In one experiment, we also used 32D IRS-1 cells (74),
which are parental 32D cells expressing IRS-1. 32D and 32D-derived cells were
grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Life Technologies, Inc.), 10% WEHI cell-conditioned
medium as a source of IL-3, and the antibiotic required for selection: 250 pg of
G418 (Life Technologies)/ml or 250 pg of hygromycin (Calbiochem)/ml.

32D, 32D IGF-IR, 32D IGF-IR/IRS-1, and 32D IRS-1 cells were transduced
(46) with the MSCVpuro FLAG/UBF1 and MSCVpuro PES1/FLAG retroviral
vectors. Mixed populations were selected with 1.5 pg of puromycin/ml to gen-
erate the various cell lines described below.

In other experiments, we used as MEFs R12 and R508 cells. Both of these cell
lines were derived from R~ cells, which are MEFs originating from mouse
embryos with a targeted disruption of the IGF-IR genes (56). R12 and R508 cells
were generated by transfection with a plasmid expressing human IGF-IR. R12
cells express 3 X 10° IGF-IRs/cell, while R508 cells express 15 X 10° receptors/
cell (52). Both of these cell lines do not respond to IGF-I with proliferation and
do not form colonies in soft agar (49, 52). They were transduced with the same
retroviral vectors and selected with the same procedures as 32D cells as de-
scribed above.

Growth curves. Cells exponentially growing in IL-3 were washed three times
with Hanks balanced salt solution (HBSS) and seeded at a density of 5 X 10*
cells/35-mm plate containing 2 ml of RPMI 1640 medium supplemented with
10% FBS, no IGF-I or IGF-I at 50 ng/ml (GIBCO BRL), or 10% WEHI
cell-conditioned medium as the source of IL-3. Cells were counted by trypan blue
exclusion (Life Technologies) at various times after IL-3 withdrawal.

Northern blotting. Exponentially growing cells were washed three times with
HBSS and seeded at 5 X 10* cells/ml in RPMI 1640 medium supplemented with
10% FBS, IGF-I at 50 ng/ml, 10% WEHI cell-conditioned medium, or granu-
locyte colony-stimulating factor at 25 ng/ml (BD Biosciences Pharmingen). At
various times, cells were collected and total RNA was extracted with an RNeasy
minikit (Qiagen). A total of 8 ug of total RNA for each sample was run on a 1%
agarose formaldehyde gel, blotted onto a nylon membrane, and hybridized with
24p3 cDNA (46) or myeloperoxidase (MPO) cDNA (47).

Western blotting and immunoprecipitation. Cells seeded under the same
conditions as those used for Northern blotting were harvested at various times,
washed with cold phosphate-buffered saline (PBS), and lysed in 50 mM HEPES
(pH 7.5)-150 mM NaCl-1.5 mM MgCl,-1 mM EGTA-10% glycerol-1% NP-
40-100 mM NaF-10 mM sodium pyrophosphate-0.2 mM sodium orthovana-
date-1 mM phenylmethylsulfonyl fluoride-10 pg of aprotinin/ml. The rest of the
procedure was the same as that described in detail in previous reports (39, 47).
The following antibodies were used: anti-IRS-1 C-20 and anti-ID2 (Santa Cruz
Biotechnology, Santa Cruz, Calif.), anti-FLAG M2-peroxidase conjugate A-8592
and EZview red anti-FLAG M2 affinity gel F2426 (Sigma), anti-pescadillo rabbit
polyclonal antibody (Bethyl Laboratories, Inc.), anti-glyceraldehyde-3-phosphate
dehydrogenase (Research Diagnostics, Inc.), and anti-Grb2 (Transduction Lab-
oratories).

FACS analysis. Exponentially growing cells were washed with HBSS and
seeded at 5 X 10* cells/ml in RPMI 1640 medium supplemented with 10% FBS,
IGF-I at 50 ng/ml, or 10% WEHI cell-conditioned medium. After 24 h, the cells
were washed with cold PBS and analyzed by fluorescence-activated cell sorting
(FACS) for cell size (63). For cell cycle distribution, cells were fixed in 70%
ethanol for 2 h on ice and then washed with PBS. Cells were suspended in
propidium iodide-Triton X-100 staining solution with RNase A and analyzed
after 30 min. For bromodeoxyuridine (BrdU) labeling, cells were incubated with
BrdU for 1 h by using a BrdU flow kit (BD Biosciences Pharmingen) following
the manufacturer’s protocol. FACS analysis was carried out by using a Beckman
Coulter XL four-color analyzer with an argon ion 488-nm laser (Beckman
Coulter Corporation, Hialeah, Fla.).

Morphological analysis. For analysis of differentiation, exponentially growing
cells were collected, washed three times with HBSS, and seeded at 5 X 10*
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FIG. 1. Expression of PES1 and UBF1 in 32D-derived cells. 32D,
32D IGF-IR, 32D IGF-IR/IRS-1, and 32D IRS-1 cells were infected
with retroviruses expressing either PES1 or UBF1 as described in
Materials and Methods. Mixed populations were collected, lysates
were made, and Western blots were developed with an antibody to the
FLAG epitope. Parental 32D cells were used as negative controls for
the FLAG antibody. The positions of ectopic PES1 (A) and UBF1
(B) are indicated by arrows.

cells/ml in RPMI 1640 medium containing 10% FBS and 50 ng of IGF-I/ml. At
various times, viable cells were counted by trypan blue exclusion (Life Technol-
ogies), and cytospin samples were used for morphological analysis as described
by Valentinis et al. (64).

Confocal microscopy. Cells plated on glass coverslips were washed with PBS
and fixed with 3.0% paraformaldehyde in PBS for 20 min at room temperature,
followed by permeabilization with 0.2% Triton X-100 in PBS for 2 min at room
temperature. Coverslips were washed with PBS and blocked in 10% normal
donkey serum (sc-2044; Santa Cruz Biotechnology) in PBS for 20 min at room
temperature. Coverslips were washed with PBS and incubated for 1 h at room
temperature with anti-FLAG-fluorescein isothiocyanate-conjugated F4049
(Sigma) antibody. After being washed with PBS, coverslips were digested with
RNase A (1 mg/ml) for 30 min and then stained with propidium iodide (2.5
pg/ml; P-3566; Molecular Probes) for 5 min. Finally, coverslips were washed with
PBS three times and mounted on glass slides with Vectashield mounting medium
(H-1000; Vector Laboratories Inc.). Fluorescent images were collected by using
a Zeiss Axiovert 100 confocal microscope with a Zeiss X40 objective.

Statistical analysis. Statistical significance (P < 0.05) between two measure-
ments and among multiple groups was determined with the two-tailed Student ¢
test analysis of variance and with the Bonferroni method, respectively (44).

RESULTS

Expression of exogenous PES1 and UBF1 in 32D-derived
cells. The original cell lines were described previously: parental
32D cells (65), 32D IGF-IR cells (44, 64), 32D IRS-1 cells (74),
and 32D IGF-IR/IRS 1 cells (63). These four cell lines were
infected with retroviruses expressing either UBF1 or PESI1 to
obtain stable mixed populations overexpressing these proteins
in the four original cell lines. The expression of PES1 or UBF1
in infected cells is shown in Fig. 1, where the expression of the
proteins was detected by Western blotting with an antibody to
FLAG. The FLAG-tagged proteins were expressed vigorously
in all four cell lines, but they were not detectable in uninfected
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parental 32D cells. The levels of expression of both PES1 and
UBF1 seemed to be lower in infected parental 32D cells. We
did not pursue this difference, since it is not relevant to the
results presented below. The lower band in Fig. 1 is a nonspe-
cific band (FLAG antibodies, in our experience, are better for
immunoprecipitation than for Western blotting). After selec-
tion was completed, 99.9% of the cells were found to be PES1
positive (see below).

Growth of 32D-derived cells in IGF-1. We first determined
the growth of these cell lines under different conditions. As
usual, all 32D cell lines died within 24 h after IL-3 withdrawal
in medium not supplemented with IGF-I (data not shown).
The growth of six cell lines is shown in Fig. 2. In medium
supplemented with IGF-I, 32D IGF-IR cells grew vigorously
for 48 h and then slowed down, reaching a maximum of a
fourfold increase in number (44, 64). The expression of PES1
in 32D IGF-IR cells had no noticeable effect on their growth.
32D IGF-IR cells expressing PES1 grew exponentially for the
first 48 to 72 h but then stopped growing, like their parental
cell line. The expression of UBF1 in these cells actually had a
negative effect, as the cell number decreased more rapidly than
in parental 32D IGF-IR cells. All three cell lines grew expo-
nentially for the first 72 h, after which they stopped growing
(Fig. 2).

32D IGF-IR/IRS-1 cells grow continuously in the absence of
IL-3, if supplemented with IGF-I, and actually form tumors in
mice (63). The expression of either UBF1 or PESI in these
cells made them grow just as well, if not a little better (Fig. 2).
At 96 h after a shift to IGF-I, the cell number had increased by
about 20-fold. With UBF1, we could not detect any significant
increase in growth with respect to that of 32D IGF-IR/IRS-1
cells, but with PES1, we could detect a small but reproducible
increase in the number of cells—between 10 and 15%. This
modest effect of PES1 but not of UBF1 on the number of 32D
IGF-IR/IRS-1 cells was also detectable in cells growing in IL-3
(Fig. 2).

Parental 32D cells died even in the presence of IGF-I, as
expected, and the expression in these cells of either UBF1 or
PESI1 had very little effect on their survival. At the end of 24 h,
a few more of these cells than of parental 32D cells were alive,
but all cells had died by 48 h in all three cell lines (data not
shown). We also infected with the same retroviruses 32D
IRS-1 cells, which do not survive the shift from IL-3 to IGF-I
(74). Neither PES1 not UBF1 protected these cells from apo-
ptosis (data not shown). These experiments indicate that, un-
like IRS-1, neither PES1 nor UBF1 can sustain the prolifera-
tion of 32D IGF-IR cells when the cells are shifted from IL-3
to IGF-1. PESI1 has a modest positive effect on the growth of
32D IGF-IR/IRS-1 cells.

We therefore set out to investigate the mechanism(s) behind
the failure of PES1 and UBF1 to sustain the growth of 32D
IGF-IR cells.

Cell cycle distribution (DNA amounts). Because PESI1 is
known to affect DNA synthesis, besides ribosome biogenesis
(12, 26, 31), and also to slightly increase the growth of 32D
IGF-IR/IRS-1 cells (Fig. 2), we examined whether it would
alter cell cycle distribution. UBF1 has not been reported to
affect DNA synthesis, and we did not expect it to affect cell
cycle distribution. To determine the cell cycle distributions of
various cell lines by FACS analysis (see Methods and Materi-
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FIG. 2. Growth curves for 32D-derived cell lines. The growth of the cell lines in either IGF-I (50 ng/ml) or IL-3 was determined. Open bars
indicate parental cells, either 32D IGF-IR cells (upper panels) or 32D IGF-IR/IRS-1 cells (lower panels). The number of cells was counted at 24,
48, and 96 h after shifting to IGF-I or replating in IL-3. The numbers on the ordinate represent the percent increase over the number of plated
cells (e.g., 300 indicates a threefold increase). Note the different ordinate scales for 32D IGF-IR and 32D IGF-IR/IRS-1 cells. We omitted an
analysis of parental 32D cells, which grow very well in IL-3 and die quickly after a shift to IGF-I. Error bars indicate standard deviations.

als), we examined them 24 h after a shift from IL-3 to IGF-1.
At this time, all cell lines were growing exponentially and at
similar rates (Fig. 2), so that FACS analysis provides the cell
cycle distributions of cell populations in which close to 100% of
the cells are dividing (44). 32D IGF-IR cells and 32D IGF-IR/
IRS-1 cells, whether expressing UBF1 or not, had the usual cell
cycle distributions, with about 45% of cells in G, phase, 35% in
S phase, and 20% in G, phase. Dramatically different results
were obtained with cells expressing PES1: the percentage of
cells in S phase was only 18%, while there was an accumulation
of cells in the G, peak (4N DNA) to as much as 47% (Fig. 3A).
This was true whether PES1 was expressed in 32D IGF-IR or
32D IGF-IR/IRS-1 cells (Fig. 3A). This experiment was re-
peated with four different samples at 24 and 48 h, with similar
results. This anomalous distribution seemed to be dependent
on IGF-1 for two reasons. First, 32D cells expressing PESI
died even in the presence of IGF-1, and second, the abnormal
S phase was hardly detectable in the same cells in the presence
of IL-3. There was a slight tendency for an increase in the
number of cells in the G, peak even in the presence of IL-3
(data not shown), but this increase probably would have passed
unnoticed without the dramatic results obtained when the cells
were grown in IGF-1.

The prominent G, peak was present in cells expressing PES1
at various times after a shift to IGF-I, up to 6 days, the last time
at which we monitored the cell cycle distribution (data not
shown). However, at this point, the cells (with the exception of
cells expressing IRS-1) had stopped growing, so that at this
point a discussion of cell cycle phases would be meaningless.
On day 6, the PES1-expressing cells were differentiated into
granulocytes (see below). In reality, what we were measuring
on day 6 was the DNA content of cells. However, during
exponential growth, FACS analysis provides the cell cycle dis-
tributions of exponentially growing cells. This point is ad-
dressed again in the Discussion.

To confirm the decrease in the number of exponentially
growing 32D-derived cells expressing PES1 in S phase, we
labeled the cells with BrdU 24 h after a shift from IL-3 to
IGF-I. The cells were labeled for 1 h, so that the fraction of
labeled cells would include those that were synthesizing DNA
when BrdU was added and those that entered S phase during
the 1-h labeling. The results are summarized in Fig. 3B. UBF1
expression had little or no effect on the percentage of cells
labeled by BrdU, but PES1 expression markedly decreased it.
This finding was especially evident in 32D IGF-IR cells, where
the expression of PES1 decreased the percentage of cells la-
beled by BrdU from 58 to 32%. At this time after a shift to
IGF-1, all cell lines, except for the parental 32D cell line, are
growing exponentially with about the same doubling times (44;
see below). The decrease in the percentage of cells in S phase
therefore is compatible with a shortening of S phase and a
lengthening of G, phase.

Cell size. We next examined whether the overexpression of
PES1 and UBF1 would alter cell size. Both UBF1 (16) and
PES1 (12, 31) play an important role in ribosome biogenesis,
which determines cell size (16, 23, 37). The expression of
UBF1 in cardiomyocytes increases cell size (17). IRS-1, which
binds to UBF1 (58, 62), also increases cell size, both in cells in
cultures (63) and in animals (4, 45). Since parental 32D cells do
not survive in the absence of IL-3, these experiments were
carried out with cells growing in IL-3. The results of a repre-
sentative experiment are shown in Fig. 4, where cell size was
determined by FACS analysis. Both UBF1 and PESI1 increased
cell size, about as well as if not better than IRS-1. The increase
was most dramatic in parental 32D cells, where both UBF1 and
PESI1 doubled the mean size of cells. The increase was less
dramatic in 32D IGF-IR and 32D IGF-IR/IRS-1 cells, al-
though it was significant and reproducible. In the last two cell
lines, UBF1 and PESI increased cell size by about 20 to 25%.
Additional data on cell size are given below.
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FIG. 3. Cell cycle analysis of 32D-derived cells. 32D IGF-IR and 32D IGF-IR/IRS-1 cells and the same cell lines expressing exogenous PES1
or UBF1 were grown in IGF-1 (24 h after a shift from IL-3). (A) FACS analysis of six cell lines for cell cycle distribution. Under these conditions,
all cell lines grew exponentially. In PES1-expressing cells, there was a marked increase in the fraction of cells in the G, peak and a decrease in
the fraction of cells with an S-phase amount of DNA (see the text). These experiments were repeated four times up to 6 days after a shift from
IL-3 to IGF-I, with similar results (the differences in IL-3 were more modest). (B) Percentage of cells labeled by a 1-h exposure to BrdU. Error
bars indicate standard deviations; values at right indicate means and standard deviations. Statistically significant differences are marked with an
asterisk (comparison between each parental cell line and its PES1- and UBF1-expressing counterparts by a ¢ test). All cell lines expressing PES1
showed a decrease in the percentage of BrdU-labeled cells.

PES1 and UBF1 fail to inhibit the differentiation of 32D the hypothesis that 32D IGF-IR cells expressing PES1 or
IGF-IR cells. 32D IGF-IR cells, after a shift from IL-3 to UBF1 stop growing because they also differentiate, like the
IGF-I, grow for at least 48 h and then differentiate into gran- parental cells. This hypothesis was definitively confirmed by
ulocytes. In contrast, 32D IGF-IR/IRS-1 cells keep growing morphological analysis (Fig. 5). When the parental and derived
and do not show any sign of differentiation (63, 64). We tested 32D IGF-IR cell lines were examined 6 days after a shift to
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FIG. 4. Cell size of 32D-derived cells expressing UBF1 or PES1. All cell lines were grown in IL-3. (A) Representative data from FACS analysis
for cell size (angle scattering) only for 32D cells, either parental or expressing either UBF1 or PES1. (B) Similar analysis for other 32D-derived
cells. Cell size was expressed in arbitrary units; error bars indicate standard deviations. The asterisks indicate significant differences (P < 0.05)
between the parental cell lines and the cell lines expressing ectopic UBF1 or PESI, as determined by a ¢ test. (C) Actual means and standard
deviations for cell size. Overexpression of UBF1 and PES1 increased cell size for all three cell lines, although the increase was more dramatic for
parental 32D cells (see the text). These experiments were done with cells in IL-3, but the same results were obtained with cells in IGF-1, at either

2 or 6 days after a shift from IL-3 to IGF-1.

IGF-1, it was clear that the cells were differentiating along the
granulocytic pathway. The most obviously differentiated cells
are visible in Fig. 5A to C, but most cells were in one or
another phase of differentiation. 32D IGF-IR/IRS-1 cells (Fig.
5D) were the only cells not showing features of differentiation;
the nuclei were round, and even one mitosis event was visible.
Figure 5 also confirms the dramatic increase in cell size caused
by either PES1 or UBF1. Despite the fact that the cells were
differentiated, they were obviously larger than parental 32D
IGF-IR cells (Fig. 5B). FACS analysis of these same cells at 6
days after the shift to IGF-I confirmed the marked increase in
cell size (data not shown). 32D IGF-IR/IRS-1 cells were also
larger than 32D IGF-IR cells, as previously reported (63).
These results indicate that PES1 and UBF1 cannot inhibit the

differentiation program initiated by IGF-IR in 32D cells, al-
though they can have some effects on DNA replication and cell
size.

Although granulocytes become detectable only after 4 to 5
days, markers of differentiation appear within the first 24 h (47,
64). Since 32D IGF-IR cells expressing either PES1 or UBF1
stop growing after 48 to 72 h in IGF-I, we wanted to know
whether differentiation markers would also appear early in
32D IGF-IR cells expressing PES1 or UBF1. As markers of
differentiation, we chose MPO mRNA, 24p3 mRNA (55), and
ID2 protein. IRS-1 has been shown to inhibit the expression of
MPO and 24p3 mRNAs (46, 47, 63) and to induce ID2 protein
expression (2, 47). Figure 6 shows that in 32D IGF-IR cells, a
shift to IGF-I causes a sharp increase in the expression of MPO
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FIG. 5. Differentiation of 32D-derived cells into granulocytes. The cells examined were 32D IGF-IR cells, 32D IGF-IR cells expressing PES1,
32D IGF-IR cells expressing UBF1, and 32D IGF-IR/IRS-1 cells. The cells were stained with Giemsa stain 6 days after a shift from IL-3 to IGF-1.
All images were taken at the same magnification, X40. The arrows in panels A, B, and C indicate differentiating cells (bilobed, irregular nuclei
and some well-differentiated granulocytes). The 32D IGF-IR/IRS-1 cells in panel D have round nuclei, and one of them (vertical arrow) is actually
in mitosis. Note the difference in size between parental 32D IGF-IR cells (B) and the same cells expressing PES1 (C), UBF1 (A), or IRS-1 (D).

and 24p3 mRNAs and no increase in the expression of ID2
protein. The expression of IRS-1 in these cells, as already
reported, blocks differentiation, as evidenced by the induction
of ID2 protein expression and the repression of MPO and 24p3
mRNAs. The expression of either PES1 or UBF1 gives the
same results as in parental 32D IGF-IR cells (Fig. 6). PES1
and UBF1 also fail to induce the expression of ID2 protein.
These results confirm that 32D IGF-IR cells expressing either
PES1 or UBF1 promptly initiate a differentiation program in
IGF-1 -supplemented medium.

Interaction between PES1 and IRS-1. IRS-1 can localize to
nucleoli (58, 62), where it interacts with UBF1, an exclusively
nucleolar protein (61, 68). Since PES1 has been reported to
localize to nucleoli (31), we examined whether there was also
an interaction between PES1 and IRS-1. First, we confirmed by
confocal microscopy that PES1 could localize to nucleoli. Cells
infected with a retrovirus expressing PES1 were stained with
propidium iodide and an anti-FLAG antibody and examined
earlier during selection. Figure7A shows that some of the cells
expressed variable amounts of ectopic PES1. Among the cells
expressing higher levels of FLAG-tagged PESI, it was clear
that the protein localized to nuclei and to nucleoli.

We next studied the PES1-IRS-1 interaction by coimmuno-
precipitation. Lysates were prepared and immunoprecipitated
with an anti-FLAG antibody (which recognizes only exogenous
PESI). Figure 7B shows that the anti-FLAG antibody immu-

noprecipitated IRS-1 in 32D IGF-IR/IRS-1 cells (the other
two cell lines were used as controls not expressing IRS-1). The
FLAG-tagged protein, though, was also visible in 32D IGF-IR
cells expressing PES1 (Fig. 7B). We also studied the interac-
tion between PES1 and UBF]1. In lysates of cells expressing the
FLAG-tagged PESI construct, immunoprecipitation with an
anti-FLAG antibody caused the appearance of UBF1 in the
immunoprecipitate (Fig. 7C). Two negative controls were
used. In one control experiment, lysates from cells not express-
ing the FLAG-tagged PES1 construct were immunoprecipi-
tated with the anti-FLAG antibody. No IRS-1 was detected in
the immunoprecipitate. In the second control experiment, we
immunoprecipitated with the anti-FLAG antibody FLAG-
tagged mutant IRS-1 (46) that does not localize to nuclei
(deletion of the PHPTB domain). We could not detect endog-
enous PESI in the immunoprecipitate (data not shown). It
seems, therefore, that UBF1, IRS-1, and PESI1 all can colocal-
ize to nucleoli, where they may form a large complex cooper-
ating in the activation of the ribosomal DNA promoter (16).

Levels of expression of PES1 in proliferating and differen-
tiating 32D-derived cells. The expression of endogenous UBF1
in 32D-derived cells has already been reported (61). Briefly,
UBF1 is present abundantly in proliferating 32D IGF-IR and
32D IGF-IR/IRS-1 cells and disappears in differentiating cells.
This finding is not surprising, as UBF1 is an exclusively nucle-
olar protein (67, 68) and the nucleolus involutes in terminally
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FIG. 6. Expression of MPO and 24p3 mRNAs and of ID2 protein in 32D-derived cells. (Upper panel) Northern blots of mRNAs for two
markers of differentiation, 24p3 and MPO. Times, cell lines, and treatments are indicated above the lanes. Only IRS-1 inhibited the appearance

of these markers in 32D IGF-IR cells. The bottom section gives the

mRNA amount in each lane. (Lower panels) Western blots showing the

expression of the ID2 protein, which was markedly increased in 32D IGF-IR cells, in which differentiation was inhibited by IRS-1 (2, 47). Only
IRS-1 was capable of inducing ID2 expression. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

differentiated cells (50). We used an antibody to PESI to
detect endogenous PES1. PES1 expression in these cell lines
was very much the same as UBF1 expression. In 32D IGF-IR
cells, the expression of endogenous PES1 decreased rapidly,
and by 48 h after a shift from IL-3 to IGF-I, it was no longer
detectable (Fig. 8A). In contrast, in 32D IGF-IR/IRS-1 cells,
the expression of PES1 continued at high levels at least for 96 h
after the shift from IL-3 to IGF-I (Fig. 8A).

Having established that endogenous PES1 and UBF1 are no
longer expressed in differentiated 32D IGF-IR cells, we exam-
ined whether the exogenous proteins were still expressed in

these cells. The results are shown in Fig. 8B. PES1 (endoge-
nous or exogenous) disappears in cells induced to differentiate.
However, contrary to what happens to endogenous UBF1 (61),
exogenous UBF1 persists at least until day 4, although its
expression is modestly decreased with respect to that at time
zero. The persistence of exogenous UBF1 in 32D IGF-IR cells
may explain why these cells are even larger than PESI cells at
day 6 after a shift to IGF-I (Fig. 5).

Effect of PES1 and UBF1 on the growth of MEFs. The
results obtained thus far seem to suggest that both UBF1 and
PES1 increase cell size and may affect cell proliferation but fail
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FIG. 7. PESI localizes to the nuclei and nucleoli of cells. (A) Confocal microscopy of cells stained with propidium iodide (PI) (red) and
counterstained with an anti-FLAG antibody (green). The merged image shows the localization of PES1 (FLAG tagged) within the nuclei and
nucleoli of infected cells. (B and C) Interactions among IRS-1, PES1, and UBF1. (B) Lysates from various cell lines were immunoprecipitated (IP)
with an anti-FLAG antibody, and the Western blots (WB) were successively developed with antibodies to either IRS-1 or FLAG. FLAG-tagged
PES1 was detectable in both cells lines expressing it, but IRS-1 was visible only in 32D IGF-IR/IRS-1 cells. (C) Lysates from cells expressing either
FLAG-tagged UBF1 (first two lanes) or FLAG-tagged PESI1 (last two lanes) were immunoprecipitated with an anti-FLAG antibody, and the

Western blot was developed with an antibody to UBF1.

to make 32D-derived cells IL-3 independent. The results also
suggest that PES1 and UBF1 cannot inhibit in 32D-derived
cells the differentiation program initiated by IGF-IR (in cells
that do not express IRS-1). If this suggestion is correct, then
both UBF1 and PES1 should be able to transform MEFs that
express IRS-1 and are known not to differentiate. For this
purpose, we tested the effect of the ectopic expression of PES1
and UBF1 in MEFs that have substantial levels of IRS-1. We
selected for this purpose R12 and R508 cells; these cells are
derived from R cells, which are MEFs originating from
mouse embryos with a targeted disruption of the IGF-IR genes
(34). Human IGF-IR was introduced into R12 and R508 cells
to produce cell lines that express, respectively, 3 X 10* and 15
X 10° IGF-IRs/cell (52). R12 and R508 cells do not respond to
IGF-I with proliferation, although they do respond to IGF-I
with autophosphorylation of the receptor and modest tyrosyl
phosphorylation of IRS-1 (49). Neither of these cell lines can
form colonies in soft agar. We engineered both of these cell
lines to express UBF1 or PES1 (see Methods and Materials),
and we tested them for their ability to form colonies in soft

agar. The results are shown in Fig. 9A, from which it is evident
that both PES1 and UBF1 increased colony formation in soft
agar of both R12 and R508 cells. As in previous experiments,
parental R12 and R508 cells generated very few colonies in
soft agar (averages of fewer than 1 in R12 cells and 2.5 in R508
cells). PES1 increased the number of colonies to 120 or more,
while UBF1 increased the number of colonies to 70 to 110 per
plate. Interestingly, the addition of IGF-I had no effect on R12
cells, while a small effect was noted for R508 cells. This finding
is in agreement with previous reports indicating that R508 cells
are slightly more sensitive to IGF-I than R12 cells (49, 52).
Figure 9B shows the levels of expression of exogenous PES1
and UBF1 in MEFs.

DISCUSSION

We have investigated the effect of the overexpression of
PES1 and UBF1 in a model of IGF-I-mediated cell differen-
tiation and transformation. We selected the model of 32D
murine myeloid cells for three reasons: (i) in these cells,
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FIG. 8. Expression of endogenous PES1 in 32D-derived cells.
(A) 32D IGF-IR and 32D IGF-IR/IRS-1 cells were shifted from IL-3
to IGF-1, and the levels of endogenous PES1 expression in whole-cell
lysates were measured. The time after the shift is indicated above the
lanes in hours. PES1 expression persisted in transformed 32D IGF-
IR/IRS-1 cells but not in differentiating 32D IGF-IR cells. (B) Expres-
sion of exogenous UBF1 and PESI in differentiated 32D-derived cells.
The cell lines examined were 32D IGF-IR cells overexpressing either
PES1 or UBF1 3 days after a shift to IGF-1. Lanes IL-3 contained the
same cells at zero time. Western blotting was done with antibodies to
PES1 or UBF1. An anti-Grb2 antibody was used to monitor protein
amounts.

IGF-IR sends a dual signal, one for differentiation and one for
cell proliferation (64), as cells stimulated with IGF-I prolifer-
ate vigorously for 48 h before differentiating into granulocytes;
(ii) ectopic expression of IRS-1 in these cells inhibits IGF-IR-
induced differentiation and transforms the cells into tumor-
forming cells (63); and (iii) IRS-1, like PES1 and UBF1, in-
creases cell size (4, 45, 63), apparently through the activation
of UBF1 (58, 62). With the premise that our conclusions must
be interpreted within the context of the 32D-derived cell
model, in which cells are modulated by IGF-IR signaling, we
can point out some interesting observations.

First, we show that in 32D-derived cells, both UBF1 and
PESI can increase cell size, at least as well as IRS-1. Their
effect on 32D cell size is evident in diverse growth conditions
and is maintained even in differentiated cells. Second, PES1
alters the cell cycle distribution in exponentially growing 32D
IGF-IR and 32D IGF-IR/IRS-1 cells and also slightly increases
cell proliferation in the latter cell line. Third, despite their
effect on cell size (and, for PES, on the cell cycle), neither of
them can sustain the proliferation of 32D IGF-IR cells in the

MoL. CELL. BIOL.

presence of IGF-I but in the absence of IL-3. 32D IGF-IR cells
expressing PES1 or UBF1 stop growing, like their parental
cells, after about 48 h. Their failure to grow further is accom-
panied by a failure to inhibit the IGF-I-mediated induction of
differentiation, induction that is instead blocked by IRS-1 (63;
this study). Fourth, however, PES1 and UBF1 transform (col-
ony formation in soft agar) MEFs that do not have a differen-
tiation program. These points are considered separately.

We selected PES1 and UBF1 because both of them play a
role in ribosome biogenesis (12, 16, 31), which determines cell
size (23, 37). IRS-1 also increases cell size (4, 69), and it may
do so by binding and presumably activating UBF1 (58, 62). In
addition, PES1 is also involved in DNA replication (12), thus
connecting the increase in cell size with the cell cycle program,
a requirement for normal cell division (13, 19). Our results
confirm that PES1 and UBF1 can increase cell size. This find-
ing was demonstrated by FACS analysis and by morphological
observations. Neither PES1 nor UBF1 requires IRS-1 to in-
crease cell size, as they increase cell size in 32D IGF-IR cells
and parental 32D cells, which do not express IRS-1 (64, 70).
This finding is compatible with the data in the literature (see
above) indicating that IGF-IR and IRS-1 regulate, in a non-
redundant way, only about 50% of cell size. The other 50% is
IRS-1 independent.

PES1 is also known to affect DNA replication (12, 31), and
our results are compatible with its role in this process. Expo-
nentially growing cells had an altered cell cycle distribution,
with a shortening of S phase and a lengthening of G, phase,
which resulted in overall growth in the first 48 h that was only
slightly increased over that of parental cells. Interestingly, the
effect of PES1 in these cells apparently is dependent on the
activation of IGF-IR signaling. Cells growing in IL-3 do not
seem to show the same dramatic changes in cell cycle distri-
bution that are caused by the overexpression of PES1. A rea-
sonable question at this point is whether cells in the G, peak
are truly in G,. Since at 24 h all cell lines are growing expo-
nentially, with 98 to 99% of the cells in the cell cycle (44),
FACS analysis ought to provide a true cell cycle distribution.
This distribution persists at 6 days after a shift to IGF-I, by
which time 32D IGF-IR cells are differentiated (the only ex-
ception being IRS-1-expressing cells). At 6 days, therefore, it
would be meaningless to discuss a G, phase; at that time,
FACS analysis simply measures DNA amounts. It is intriguing
that 32D IGF-IR cells expressing PES1 and UBF1 remain very
large even when differentiated. Brown et al. (5) reported that
HL60 cells halted in G, or S phase differentiate normally.
Morphological analysis of size in differentiated cells (6 days
after a shift to IGF-I) was confirmed by FACS analysis (data
not shown).

The most important conclusion of our experiments is that, of
the three proteins that increase cell size (and, for PES1, also
affect DNA replication), only IRS-1 can induce sustained cell
proliferation in 32D IGF-IR cells. As mentioned above, 32D
IGF-IR/IRS-1 cells not only are IL-3 independent but also
actually form tumors in mice, something that parental 32D
cells and 32D IGF-IR cells cannot do (63). The failure of
UBF1 and PES1 to sustain IGF-1-dependent cell proliferation
is accompanied by the differentiation of cells into granulocytes,
as in parental 32D IGF-IR cells.

The differentiation of 32D IGF-IR cells, parental or over-
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FIG. 9. PES1 and UBF1 induce the transformation of normal MEFs. The cells examined were parental R12 and R508 cells, which are 3T3-like
MEFs incapable of forming colonies in soft agar (see the text). Both cell lines were infected with retroviruses expressing either PES1 or UBF1,
and mixed populations were collected. (A) Parental and retrovirus-infected cells were tested for their ability to form colonies in soft agar. The
ordinate shows the number of colonies after 3 weeks. The colonies counted measured at least 125 pm. Error bars indicate standard deviations.
(B) Western blotting of lysates from infected cells expressing FLAG-tagged proteins.

expressing PES1 or UBFI, is documented unequivocally by
morphological analysis, as they become granulocytes. It is con-
firmed by their inability to extinguish markers of differentiation
that occur within the first 24 h after a shift to IGF-I, when 32D
IGF-IR cells are still growing (44). These markers are MPO
(47, 64) and 24p3 (46, 55) mRNAs and ID proteins. The ID
proteins, especially ID1 and ID2, are strong inhibitors of dif-
ferentiation (3, 27, 51). In 32D IGF-IR cells, ID2 gene expres-
sion is very low, almost undetectable. Ectopic expression of

IRS-1 in these cells causes a dramatic increase in ID2 gene
expression (2, 40, 47; this study). Neither UBF1 nor PESI is
capable of inducing ID2 expression in 32D IGF-IR cells.

A model to explain these results could be based on the
hypothesis that PES1, UBF1, and IRS-1 all act on the cell cycle
program and/or ribosome biogenesis but that only IRS-1 can
extinguish the differentiation program initiated by activated
IGF-IR. In this model, IRS-1 would send three different sig-
nals: (i) an increase in cell size (63); (ii) activation of the cell
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cycle program (49); and (iii) extinction of the differentiation
program initiated by IGF-IR (32, 61, 63). This interpretation is
supported by our finding that the overexpression of PES1 or
UBF1 causes the transformation of MEFs. There is indeed no
question that both PES1 and UBF1 can transform 3T3-like
MEFs, as the number of colonies in soft agar is quite high.
MEFs have no propensity to differentiate, and PES1 and
UBF1 can be transforming for these cells because they do not
need to extinguish a differentiation program. It seems a sensi-
ble explanation that for 32D-derived cells that also have a
differentiation program, this latter has to be blocked for sus-
tained growth to occur.

We mentioned above that IRS-1 induces ID2 expression,
which could explain simply why it blocks differentiation. ID
proteins bind to pRb (20, 29), which binds to C/EBPa (8) and
induces differentiation. It is possible, though, that IRS-1 has
alternative pathways for inhibit diffentiation. pRb also inhibits
RNA polymerase I transcription by binding and inactivating
UBF1 (7,9, 17, 18, 69), while IRS-1 binds UBF1 and activates
transcription from the ribosomal DNA promoter (46, 58). Al-
ternatively, IRS-1 could displace inhibitory pRb from UBF1. It
is also possible that different pathways merge. Rockman et al.
(51) reported that B-catenin up-regulates ID2 expression, and
we have found that nuclear IRS-1 interacts with B-catenin
(unpublished data).

In conclusion, our results indicate that PES1 and UBF1
cannot induce sustained cell proliferation in 32D IGF-IR cells,
despite their effects on cell size and DNA replication, which
allow them to transform MEFs in cultures. We propose that
PES1 and UBF1 are incapable of extinguishing the differenti-
ation program that is initiated in 32D IGF-IR cells simulta-
neously with the induction of the cell cycle program. Although
there are other explanations, it is important to point out that
IGF-IR in these cells already sends a mitogenic signal, as the
cells grow vigorously for 48 h, so that the inhibition of differ-
entiation really may be the crucial event for sustained cell
proliferation. In the absence of a differentiation signal, as in
MEFs, PES1 and UBF1 can transform contact-inhibited cells
into cells capable of forming colonies in soft agar. This inter-
pretation is supported by the report that c-Myc, which is re-
quired for the initiation of the cell cycle program (22), is
induced by IGF-I (49). Finally, these results support the con-
cept proposed by several investigators that a block in differen-
tiation is an integral part of malignancies, particularly hemo-
poietic malignancies (14, 42, 60). Indeed, our data provide a
good model for studying the molecular mechanisms that de-
termine the outcome of differentiation and transformation in
myeloid cells.
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