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Abstract

Inosine monophosphate dehydrogenase (IMPDH) is a pivotal enzyme in the de novo pathway of 

guanine nucleotide biosynthesis. Inhibitors of this enzyme decrease intracellular guanine 

nucleotide levels by 50-80% and have potential as anti-neoplastic agents. Both mycophenolic acid 

(MPA) and AVN-944 are highly specific inhibitors of IMPDH that cause cell cycle arrest or 

apoptosis in lymphocytes and leukemic cell lines. We have examined the mechanisms by which 

these two agents cause cytotoxicity. Both MPA and AVN-944 inhibit the growth of K562 cells, 

and induce apoptosis in Raji B and CCRF-CEM T cells. Both compounds strikingly inhibit RNA 

synthesis within 2 h of exposure. Depletion of guanine nucleotides by MPA and AVN-944 also 

causes an early and near-complete reduction in levels of the 45S precursor rRNA synthesis and the 

concomitant translocation of nucleolar proteins including nucleolin, nucleophosmin, and 

nucleostemin from the nucleolus to the nucleoplasm. This efflux correlates temporally with the 

sustained induction of p53 in cell lines with wild type p53. We conclude that inhibition of IMPDH 

causes a primary reduction in rRNA synthesis and secondary nucleolar disruption and efflux of 

nucleolar proteins that most likely mediate cell cycle arrest or apoptosis. The ability of AVN-944 

to induce apoptosis in a number of leukemic cell lines supports its potential utility in the treatment 

of hematologic malignancies.
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Introduction

IMPDH is the rate limiting enzyme for the de novo synthesis of guanine nucleotides that are 

critical for cell proliferation 1. Inhibitors of IMPDH such as mycophenolate mofeteil 

(Cellcept), a prodrug of mycophenolic acid (MPA), have been used in organ and stem cell 

transplantation and in autoimmune diseases as highly effective immunosuppressive agents 2. 

Since IMPDH inhibitors induce cell cycle arrest and apoptosis in a number of neoplastic cell 

lines, they also have considerable potential as antineoplastic agents, both alone and in 

combination with other cytotoxic drugs. A new and potent IMPDH inhibitor, AVN-944, has 

been developed based on the structural analysis of the active site of the enzyme and is a 

selective, noncompetitive inhibitor of the enzyme directed against both of the two human 

IMPDH isoforms (I and II; Ki 6–10 nM) 1. AVN-944, in contrast to MPA, does not undergo 

glucuronidation and is currently in Phase I clinical trials for the treatment of refractory 

hematologic malignancies.

The potential mechanisms by which IMPDH inhibitors inhibit the proliferation of normal 

lymphocytes and tumor cell lines have undergone extensive investigation 3-7. These studies 

have been aided by the fact that the selectivity of these agents for IMPDH can be 

demonstrated by reversing the observed biologic effects through the addition of guanosine 

or guanine, both of which replete guanine nucleotide pools through the hypoxanthine 

guanine phosphoribosyl transferase (HPRT) salvage pathway 2. Recent studies have 

demonstrated that guanine nucleotide depletion leads to apoptosis and concomitant 

inhibition of signaling in IL-3 dependent murine myeloid cell lines through effects on both 

the Ras-MAPK and mTOR pathways 8,9. Other studies have demonstrated that the 

induction of apoptosis in multiple myeloma cell lines occurs through both caspase-

dependent 10 and caspase-independent 7 apoptotic mechanisms. Despite a large number of 

such empiric observations on potential downstream targets, the upstream sensing event that 

detects depletion of guanine nucleotides and initially triggers cell cycle arrest or apoptotic 

cell death has not been elucidated.

We and others have noted that depletion of guanine nucleotides induces the translocation of 

several nucleolar proteins from the nucleolus into the nucleus 11,12, suggesting a GTP-

dependent event that may have consequences for cellular proliferation. We have therefore 

asked whether the effects of MPA and AVN944 may be mediated by changes in the 

localization of these nucleolar proteins. As a result of these studies, we suggest that the well-

defined growth-inhibitory and pro-apoptotic effects of IMPDH inhibition on malignant cells 

may be mediated, at least in part, through a primary inhibition of ribosomal RNA synthesis 

and a secondary disruptive effect on nucleolar organization.
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Materials and Methods

Cell culture conditions and reagents used

U2OS, K562, Raji, and CCRF-CEM cells were grown in Dulbecco's Modified Eagle 

(DMEM) or RPMI 1640 medium supplemented with 10% fetal bovine serum and 100 U/ml 

of penicillin and streptomycin. The cells were kept at 37°C in an atmosphere containing 5% 

CO2. Uridine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

obtained from Sigma (Sigma-Chemical Co., USA). Uridine ([5,6-3H], 35-50 Ci/mmol) was 

purchased from ICN Biomedicals (Costa Mesa, Calif., USA). Actinomycin-D was obtained 

from Calbiochem (La Jolla, CA, USA). 4′,6-diamino-2-phenylindol (DAPI) was purchased 

from Molecular Probes, Inc ( Eugene, OR, USA). Anti-cmyc tag monoclonal antibody 

(mAb) (9E10) and anti-nucleolin monoclonal antibody (mAb) were from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-NPM was from Cell 

Signaling Technology Inc. (Beverly, MA, USA), rabbit polyclonal anti-PAF53 was from BD 

PharMingen (Lexington, KY, USA), anti-ARF mouse monoclonal antibody (P02) was 

purchased from NeoMarkers (Fremont, CA, USA). Fluorescein (FITC)-conjugated donkey 

anti-rabbit F(ab')2 and rhodamine-conjugated goat anti-mouse secondary antibodies were 

purchased from Jackson ImmunoResearch (West Grove, PA, USA).

Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from U2OS cells with Trizol reagent (Invitrogen, Carlsbad, CA) 

following the manufacturer's instruction. Two micrograms of total RNA were used for first-

strand cDNA synthesis using oligo (dT) primers and SuperScript II RNase H− Reverse 

Transcriptase (SuperScript™ First-Strand Synthesis System for RT-PCR, Invitrogen).

Generation of expression constructs

The resulting first-strand cDNA was used for PCR amplification with high fidelity pfx DNA 

polymerase (Invitrogen). The primers used for TIF-IA and EGFP-PAF53 are listed in table 

1. The italicized bases are the restriction enzyme sites (EGFP-PAF53: Xho I and EcoR1; 

TIF-IA: Bam H1 and Xho I) with three or four extra bases added at each end to promote 

efficient digestion by the restriction enzymes.

The TIF-IA and PAF53 PCR products were subcloned into the Bam H1 and Xho I site of 

myc-pcDNA 3 (myc-pcDNA3) and the Xho I and EcoR1 of p-EGFP-C3 (BD, biotech), 

respectively, and the resulting plasmids were sequenced. The EGFP-PAF53 fusion 

constructs and myc-tagged TIF-IA were introduced into U2OS cells by Superfect 

transfection (Qiagen) according to the manufacturer's instruction.

Immunocytochemistry

U2OS and 293 T cells were grown on coverslips in 24-well plates in DMEM complete 

medium for 12 h and were then treated with MPA (2 μM), AVN-944 (1μM), Actinomycin D 

(5 nM or 500 nM), or vehicle control for the time indicated. The cells were fixed in 4% 

phosphate-buffered saline (PBS)-paraformaldehyde solution for 20 min followed by 

permeabilization with 0.1% Triton X-100 in PBS for 15 min. After blocking with 5% bovine 

serum albumin in PBS for 30 min, coverslips were inverted onto a 30-μl drop of the primary 
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antibodies diluted in PBS containing 0.1% Triton-X-100 and 5% BSA (1:50 for NPM, 

nucleolin, ARF and nucleostemin; 1: 200 for myc). After 1 h incubation with antibody and 

subsequent washing with PBS × 3 (10 min each), coverslips were inverted again onto 30-μl 

drops of the secondary antibodies diluted in PBS containing 5% BSA and 0.1% Triton-X 

100 ( rhodaminecongugated secondary antibody (1:300); fluorescein isothiocyanate-

conjugated secondary antibody (1:50)). After washing, coverslips were stained with DAPI 

(300 nM) for 5 minutes, and washed with PBS × 3 (5 min. each), mounted in Gel Mount IM 

Aqueous Mounting Medium (Sigma-Chemical Co., USA) and examined by fluorescent 

microscopy.

Determination of 45S precursor rRNA by semiquantitative RT-PCR

Total RNAs were extracted as described above. Two micrograms of total RNA were used 

for first-strand cDNA synthesis using random primers and SuperScript II RNase H− Reverse 

Transcriptase (SuperScript™ First-Strand Synthesis System for RT-PCR, Invitrogen). The 

45S rRNA precursor fragment was then amplified with pfx DNA polymerase (Invitrogen). 

PCR reactions were carried out in volumes of 50 μL containing 2 μL cDNA, 2 μM forward 

and reverse primers, 5.0 μL 10× Accuprime Pfx Reaction Mix from the Accuprime Pfx 

DNA Polymerase Kit, 1 μL Accuprime Taq DNA polymerase from the Accuprime Taq 

DNA Polymerase System. The two step PCR was first run at 95°C for 2 min, followed by 35 

cycles (95°C for 15 s; 68°C for 40 s), and a final extension step (68°C, 2min). GAPDH 

fragment was amplified with Tag DNA polymerase (promega). The PCR was first run at 

94°C for 2 min, followed by 30 cycles (94°C for 30 s; 56°C for 30 s, and 72°C for 30 s), and 

a final extension step (72°C, 7min). The primer pairs used for 45 S rRNA precursor and 

GAPDH amplification are listed in table 1. PCR products were cloned into the TOPO blunt 

cloning vector (Invitrogen), and the resulting clones were randomly picked and sequenced 

using M13 forward and reverse primers.

Measurement of cell proliferation by MTT assay

The effects of AVN-944 and MPA on proliferation of CCRF-CEM, K562, and Raji cells 

were determined using the modified MTT assay 13. Exponentially-growing cells were 

plated in 0.5 ml aliquots of growth medium into 48-well plates at 2×104 cells per well and 

then incubated with various concentrations of AVN-944, MPA, or vehicle alone. After 96 h 

incubation, cytotoxicity assays were performed by the modified MTT method. All samples 

were tested in triplicate. Values represent the means of triplicate wells and the S.E. of the 

mean was less than 10%.

Measurement of RNA Synthesis

To measure [3H]-uridine incorporation into RNA, exponentially-growing U2OS cells and 

CCRF-CEM cells were plated in growth medium at 1×105 cells/ml. After incubation in the 

absence or presence of MPA (2 μM) or actinomycin-D (5, 50, and 500 nM), cells were 

labeled for 30 min after addition of [3H]-uridine (5 μCi/ml). Cells were washed three times 

with ice-cold PBS, and total RNA was isolated using Trizol reagent (GIBCO BRL). Total 

RNAs were quantitated and 10 μg RNA dissolved in RNA-free water. Radioactivity was 

determined by the addition of 6 ml of scintillation fluid followed by liquid scintillation 

counting. Triplicate samples were analyzed for each treatment.
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For the analysis of 45S pre-rRNA synthesis, K562 cells were treated with 2 μM MPA or 1 

μM AVN-944 for 1.5, 3.5, or 7.5 h, respectively, and then metabolically labeled with 2.0 

μCi/ml [3H]-uridine ( 36 Ci/mmol, Amersham Bioscience, Piscataway, NJ) in complete 

medium for 30 min and washed three times with ice cold PBS. RNA was extracted with 

Trizol (Invitrogen, Carlsbad, CA), and 15 μg of total RNA loaded onto a 1% agarose gel 

containing formaldehyde. The RNAs were electrophoretically separated and transferred to 

Nytran SuPerCharge TurboBlotter membrane (Whatman, Sanford, ME). Dried membranes 

were treated with EN3HANCE (Perkin Elmer Life Sciences, Boston, MA) and subjected to 

autoradiography at −70° C with an intensifying screen for 4 days.

Immunoprecipitation, SDS–PAGE and immunoblotting

Cells were treated with MPA, actinomycin-D, or the DMSO vehicle for the time indicated. 

Cells were rinsed twice with phosphate-buffered saline (PBS) and lysed in a buffer 

containing 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 1% Triton X-100, 10% glycerol, 2 

mM EDTA, 150 μM Na3VO4, 0.25mM phenylmethysulfonyl fluoride (PMSF), 5 μg/ml 

leupeptin, 10 nM microcystin LR. The lysate was sonicated, and 20 μg protein from total 

cell lysis subjected to SDS–PAGE and transferred onto polyvinylidene difluoride membrane 

(Immobilon-P; Millipore, Bedford, MA, USA). Specific antigens were probed using the 

corresponding primary antibody, followed by horseradish peroxidase conjugated secondary 

antibody. Western blots were visualized using enhanced chemiluminescence (ECL) 

(Chemiluminescence Reagent Plus, Perkin-Elmer Life Sciences, Boston, MA, USA).

Results

Induction of cytotoxicity by AVN-944 and MPA

We examined the relative effects of the two IMPDH inhibitors on growth of the human 

myeloid progenitor K562 cell line, the Burkitt lymphoma Raji cell line (B cell origin), and 

the human T cell leukemia CCRF-CEM cell line. As shown in Fig. 1, the growth of all three 

cell lines was inhibited by both compounds in a dose-dependent manner, with AVN-944 

being at least 2-fold more potent than MPA. The IC50s ranged from 0.13 to 0.16 μM for 

AVN-944 and from 0.40 to 0.58 μM for MPA. Growth inhibition was completely reversible 

with guanosine for both agents (not shown), as has been demonstrated in numerous previous 

studies 8,14. Apoptosis as measured by Annexin V staining was induced in Raji and CCRF-

CEM cell lines, whereas K562 cells underwent erythroid differentiation (data not shown).

Effect of GTP depletion on the translocation of nucleolar proteins

To determine the effects of IMPDH inhibition on the localization of nucleolar proteins, 

U2OS osteosarcoma cells were treated with MPA or AVN-944 in the absence or presence of 

guanosine. This adherent cell line was chosen because changes in the nucleolar architecture 

are most easily documented. As shown in Fig. 2A, nucleolin, nucleophosmin and 

nucleostemin had all translocated from the nucleolus to nucleoplasm after 24 h of MPA 

treatment. Nucleolar protein translocation was completely prevented by guanosine. 

AVN-944 induced the translocation of these nucleolar proteins after 4 h of treatment, while 

MPA took approximately 8 h to have a similar effect (Fig. 2B). Similar data were obtained 

with the MCF-7 cells (data not shown).
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Effects of IMPDH inhibition on p53 activation and ARF expression

The translocation of nucleophosmin (NPM) and nucleostemin, as well as of other nucleolar 

proteins such as L11 and L23, has been shown to be involved in the activation of p5315-18. 

In the case of NPM, there is evidence that the tumor suppressor ARF is released from 

binding to NPM in the nucleolus and preferentially binds to p53, preventing its degradation 

through the MDM2 ubiquitin ligase pathway 19. Nucleostemin, on the other hand, appears 

to have a direct inhibitory effect on cellular proliferation both dependent 20 and independent 

21 of p53. To determine whether p53 is induced as a correlate of the translocation of NPM 

and nucleostemin, the effect of IMPDH inhibition on p53 expression was examined in 

U2OS cells and MCF-7 breast cancer cells known to express wild-type p53. Marked 

induction of p53 occurred at 1 μM AVN-944 after 4 h and the effect was sustained up to 24 

h (Fig. 3A, 3C). Immunostaining of ARF demonstrated that nucleolar ARF was detectable in 

293T cells but undetectable in U2OS cells and MCF-7 cells (data not shown). Therefore, 

293T cells were used to ask whether ARF was translocated as one potential mechanism for 

the activation of p53. As shown in Fig. 3B, 1 μM AVN-944 induced ARF translocation in 

this cell line at 4 h with nearly complete translocation occurring at 8 h.

Effect of IMPDH inhibition on RNA synthesis

We next sought to determine whether GTP depletion had a direct effect on RNA synthesis as 

determined by the incorporation of [3H] uridine into purified total cellular RNA. Maximum 

inhibition of the incorporation of [3H] uridine incorporation occurred at 2 μM MPA or 1 μM 

AVN-944 in both K562 and CCRF-CEM cells, with more than 80% inhibition at 4 h and 

sustained inhibition lasting for 24 h (Fig. 4A, 4B). Similar inhibition was seen with 500 nM 

Act-D, a dose that has been shown to inhibit RNA polymerases I and II 22. Moreover, the 

total RNA and precursor rRNA synthesis was markedly inhibited by MPA at 2 h in U2OS 

cells , and was almost completely abolished at 4 h, an effect that was sustained for up to 24 h 

(data not shown). Since Pol I-directed rRNA synthesis accounts for the majority of total 

RNA synthesis, we next asked whether 45 S rRNA precursor synthesis was impaired using 

semiquantitative RT-PCR. The primer pairs used amplify a region extending from the 3' end 

of 18 S rRNA to the internal transcribed sequence (ITS) located between 18 S rRNA and 5.8 

S rRNA, indicative of the amount of 45S precursor rRNA (Fig. 4C). Precursor rRNA 

synthesis was markedly inhibited by MPA at 2 h and 4 h in CCRF-CEM cells and K562 

cells, respectively, and inhibition was sustained up to 8 h (Fig. 4C). In order to rule out an 

effect of IMPDH inhibition on RNA processing, 15 μg [H3]-uridine labeled RNA from cells 

treated with either MPA or AVN-944 were run on an agarose gel containing formaldehyde, 

transferred, and autoradiographed. As shown in Fig. 4D, the 47S/45S precursor form, the 

mature rRNA (28S, 18S, and 5.8S), and 32S intermediate comprise the majority of the 

radioactivity in untreated K562 cells. A decrease in newly synthesized rRNA was observed 

with both drugs at 2 h, and an absolute decline occurred at 4 h. Total 28S and 18S ribosomal 

RNAs were only mildly decreased under these conditions.

Co-translocation of PAF53 and TIF-IA to the nucleolar periphery

To further investigate the possible involvement of the RNA Polymerase I complex in the 

inhibition of rRNA synthesis, the EGFP-tagged Pol I subunit PAF53 and myc-tagged TIF-
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IA, a Pol I-associated initiation factor, were generated by RT-PCR from U2OS cells. The 

effects of MPA or AVN-944 treatment on the localization of myc-TIF-IA and EGFP-PAF53 

transfected into U2OS cells were followed over time using fluorescent microscopy. As 

shown in Fig. 5A, EGFP-PAF53 was predominantly localized in the nucleolus, whereas 

TIF-IA was distributed throughout the nucleus in untreated cells. Co-transfection of myc-

tagged TIF-IA and EGFP-tagged PAF53 demonstrated that both TIF-IA and PAF53 co-

translocated to the identical nucleolar cap region following MPA treatment (Fig. 5A). 

Similar co-translocation of TIF-IA and PAF53 to the nucleolar periphery was induced by 

Act-D at both 5 nM and 500 nM concentrations (Fig. 5B and data not shown). The co-

translocation of PAF53 and TIF-IA, two important components of the Pol I complex, 

correlated temporally with the rapid and potent inhibition of pre-rRNA synthesis.

Translocation of nucleolar proteins induced by actinomycin-D

U2OS cells were treated with actinomycin-D at concentrations of 5 nM, a dose that 

specifically inhibits RNA polymerase I 23, and 500 nM, a dose that inhibits both pol I and 

Pol II 22,23. As shown in Fig. 6, nucleolin, NPM, and nucleostemin move from the 

nucleolus to the nucleus in response to 5 nM actinomycin D for 4 h and to an even greater 

extent with 500 nM actinomycin-D. These data indicate that IMPDH inhibitors that cause 

depletion of guanine nucleotides have a direct effect on nucleolar protein localization that is 

similar to that caused actinomycin D, a well-known inhibitor of rRNA synthesis. They 

strongly suggest that inhibition of rRNA synthesis followed by nucleolar disruption is a 

primary event leading to the cellular cytotoxicity caused by MPA or AVN-944 treatment.

Discussion

The nucleolus is a dynamic nuclear sub-compartment that regulates a great number of 

cellular functions that include the transcription and processing of pre-rRNA and ribosome 

subunit assembly 24,25, and maturation of non-nucleolar RNAs or RNPs 26,27. Other more 

general functions that have been attributed to the nucleolus include regulation of telomerase 

function, regulation of the cell cycle, tumor suppressor activities, cell stress sensing and 

signaling 28,29. The initial step in nucleolar formation is ribosomal gene transcription, 

which is mediated by RNA Polymerase I (Pol I) and its associated transcription factors: 

UBF (upstream-binding factor), SL1 (selectivity factor) and TIF-IA (transcription initiation 

factor IA) 24,25. Inhibition of Pol I activity by actinomycin D and genetic inactivation of the 

Pol I-associated transcription factor TIF-IA both lead to diminished pre-rRNA synthesis and 

a secondary disruption of nucleolar structure as manifest by the efflux of nucleolar proteins 

into the nucleus 22,30,31. Hence, nucleolar integrity is entirely dependent on ongoing rRNA 

synthesis.

Our results have demonstrated that depletion of GTP through inhibition of IMPDH in a 

number of different cell lines leads to inhibition of pre-rRNA synthesis as measured both by 

the incorporation of [H3]-uridine into precursor RNA and by quantitation of precursor rRNA 

using the polymerase chain reaction. It has recently been shown that nucleostemin, a 

nucleolar protein thought to be preferentially expressed in stem cells and in cancer cells 20, 

is targeted to or retained in the nucleolus through the binding of GTP and that lowering of 
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GTP concentrations through IMPDH inhibition allows repartitioning of the protein into the 

nucleoplasm 20. Similarly, nucleophosmin, a protein lacking a GTP-binding motif, was 

shown a number of years ago to have GTP-dependent nucleolar retention 11. As a result of 

these observations, it has been postulated that a GTP-driven cycle may be important for 

nucleolar organization 32. Our data support a more fundamental explanation, namely that 

GTP depletion affects nucleolar protein localization through its effect on rRNA synthesis. 

We have used actinomycin D to determine whether its known ability to inhibit pre-rRNA 

synthesis causes an efflux of nucleolar proteins that is temporally and quantitatively similar 

to that seen with GTP depletion. Indeed, actinomycin D at 5 nM (and more potently at 500 

nM) causes an egress of nucleostemin, nucleolin, and nucleophosmin into the nucleoplasm 

at 4 h, as do both MPA and AVN944. We conclude from these results that IMPDH 

inhibition and the consequent GTP depletion primarily inhibit rRNA synthesis. Whether this 

inhibition results from a limitation of GTP as a substrate for Pol I enzymatic activity, from 

its effect on essential components of Pol I activity such as TIF-1A and PAF53, which 

relocate to the nucleolar periphery where they are known to be inactive 27,33,34, or from an 

as yet undiscovered mechanism remains to be determined. However, a major result of 

inhibiting Pol I-directed rRNA synthesis is nucleolar disruption and the efflux of nucleolar 

proteins into the nucleoplasm.

Further support for this conclusion comes from recent data on the conditional genetic 

inactivation of TIF-IA, a transcription initiation factor required for Pol I activity 31. Cre-

mediated depletion of TIF-IA leads to nucleolar disruption, cell cycle arrest and p53 up-

regulation in murine embryonic fibroblasts. The explanation for the activation of p53 in 

these cells is the disruption of the p53-MDM2 complex through the release of ribosomal 

proteins (in this case, L11) from the nucleolus, resulting in p53 stabilization and cell cycle 

arrest. Alternatively, it has been shown in other systems that the release of the tumor 

suppressor ARF from its binding to NPM in the nucleolus allows ARF to displace MDM2 

from p53, thus preventing its ubiquitination and destruction 35,36. Our results demonstrate 

that p53 is indeed activated as a consequence of IMPDH inhibition in cell lines containing 

unmutated p53. Indeed, ribonucleotide depletion has been implicated as one of the many 

causes of p53 activation since the early experiments of Linke et al. 37, although the 

underlying mechanism has not been demonstrated to our knowledge. Our results suggest the 

following overall sequence of events: depletion of guanine nucleotides through inhibition of 

de novo synthesis from IMP decreases the synthesis of precursor rRNA which in turn leads 

to the disruption of nucleolar organization, the efflux of nucleolar proteins into the nucleus, 

and p53 activation.

We have also shown in 293T cells expressing ARF that its nucleolar localization is disrupted 

as a result of GTP depletion. It is important to note that neither endogenous ARF expression 

nor wild type p53 are essential for the growth inhibitory or apoptotic effects of GTP 

depletion, since ARF expression was only detected in 293 T cells that have p53 inactivation 

and since the three hematopoietic cell lines studied all have mutated p53 (K562 -insertion-

frame shift mutation; CCRF-CEM -missense mutation; and Raji -missense mutation) 38. 

The pro-apoptotic and growth inhibitory effects of GTP depletion in p53-null cells 

underscores the existence of alternative effects of nucleolar protein efflux (e.g. nucleostemin 

and other ribosomal proteins such as L11) on other downstream pathways that have not yet 
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been fully elucidated. Similarly, the absence of ARF expression in U2OS and MCF-7 cells 

clearly implicates additional mechanisms of p53 activation, as has been suggested in a 

previous study 31.

Since disruption of ribosomal biogenesis and nucleolar organization appear to be 

increasingly important as potential therapeutic targets in cancer 33,39,40, we suggest that 

the new, more potent IMPDH inhibitors may have benefit in the treatment of hematologic 

malignancies. It will be of considerable interest to examine the nucleolar architecture in the 

leukemic cells of patients treated with IMPDH inhibitors and to determine whether nucleolar 

disruption is predictive of a therapeutic response.
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Fig. 1. Inhibition of cell growth by MPA and AVN-944 in human leukemia K562 cells, Raji, and 
CCRF-CEM cells
K562 (A), Raji (B), and CCRF-CEM (C) cells were exposed to 1-10 μM MPA or 1-10 μM 

AVN-944 for 96 h. Cytotoxicity assays were performed by the modified MTT method. All 

assays were performed in triplicate. All values represent the mean +/− SEM.
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Fig. 2. Effect of MPA and AVN-944 on the localization of nucleophosmin, nucleolin, and 
nucleostemin and reversibility by guanosine
(A) U2OS cells were treated with 2 μM MPA in the absence or presence of 100 μM 

guanosine for 24 h. (B) U2OS cells were treated with 2 μM MPA or 1 μM AVN-944 for 2 h, 

4 h, and 8 h. Cells were then fixed, permeabilized, stained for nucleolin, nucleostemin, or 

NPM, as described in Materials and Methods, and observed using fluorescent microscopy.
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Fig. 3. Effects of AVN-944 on p53 and ARF
MCF-7 cells (A) or 293 T cells (B) were treated with AVN-944 at the time and 

concentration indicated. Cells were then fixed, permeabilized, and stained for p53 and ARF 

as described in the Materials and Methods. (C) U2OS cells were treated with AVN-944 at 

the time and concentration indicated, and lysed as described in Materials and Methods. 30 

μg of total protein were loaded for immunoblot analysis for p53.
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Fig. 4. Effects of MPA, AVN-944, and Actinomycin D on total RNA synthesis and prerRNA 
synthesis in K562 and CCRF-CEM cells
K562 cells were treated with MPA, AVN-944, or actinomycin-D at the concentrations and 

times indicated and [3H]-uridine incorporation into RNA was measured (A, B); the effect of 

MPA on the expression of pre-rRNA levels was determined by RT-PCR (C) as described in 

Materials and Methods. Primers amplified the 394 bp fragment extending from the 3' end of 

18 S rRNA to the internal transcribed sequence (ITS) located between 18 S rRNA and 5.8 S 

rRNA of the intact pre-rRNA (shown as model figure, C). Analysis of rRNA processing (D). 
Extracted total [3H]-uridine-labeled RNAs from untreated K562 cells and cells treated with 
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2 μM MPA or 1 μM AVN-944 were separated on 1% agarose gel containing formaldehyde, 

transferred to membrane, and detected by autoradiography as described in Materials and 

Methods. The bottom panel shows 28S and 18S ribosomal RNA after transfer.
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Fig. 5. MPA and actinomycin-D induce a distinct co-translocation of EGFP-tagged PAF53 (Pol I 
subunit) and myc-tagged TIF-IA to the nucleolar cap
PAF53 cDNA subcloned into EGFP-C3 and TIF-IA cDNA subcloned into pcDNA3 were 

transfected into U2OS cells. 24 h after transfection, cells were treated with MPA (A) or 

actinomycin-D (B) at the concentrations and for the times indicated. The myc-tagged TIF-IA 

was fixed, permealized, and stained as described in the Materials and Methods, and 

observed using fluorescent microscopy.
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Fig. 6. Actinomycin-D induces translocation of NPM, nucleolin, and nucleostemin
U2OS cells were treated with actinomycin-D at 5 nM and 500 nM. Cells were then fixed, 

permealized, and stained for NPM, nucleolin, and nucleostemin as described in the Materials 

and Methods, and observed using fluorescent microscopy.
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Table 1

Gene Primer sequence Product
(bp)

TIF-IA 5'- ttcaggatccaaatggcggcaccgctgcttcacacg -3'  (forward)
5'- catgctcgagtcagaggggactgggttgcatgtacaac -3' (reverse)

1970

EGFP-PAF53 5'- agatctcgagatggcggcggaggtgttgccgagtgcg -3'  (forward)
5'- gcagaattcgctaggtaatcttcctccgctttgccaggc-3' (reverse)

1260

18S rRNA to ITS
(between 18S
rRNA and 5.8S)

5'- ttggatggtttagtgaggc-3' (forward)
5'- cacgcccttctttctctctc-3' (reverse)

394

GAPDH 5'- ggtgaaggtcggagtcaacg -3' (forward)
5'- caaagttgtcatggatgacc -3'  (reverse)

500
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