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1. Introduction

Many hematological malignancies are treated with glucocorticoids (GCs), and recent work 

has begun to reveal the network of genes leading to GC-dependent apoptosis. Action of GCs 

involves cross-talk between the glucocorticoid receptor (GR) and several cell signaling 

cascades [1–7]. MAPKs ERK [5, 7], JNK [5,7] and p38 [6,7] as well as cAMP-driven PKA 

[4, 7] and mTOR [7,8] pathways can influence GC-GR effects on cell growth and 

differentiation. Resistance to GC may therefore derive not from lack of GR but altered 

pathway interactions.

Studies from our laboratory had shown that ERK and JNK serve to inhibit the apoptotic 

effects of GC in CEM clones [7]. A correlation between GC-driven induction of the GR and 

apoptotic outcome has been shown in CEM and other malignant lymphoid cells [9–14]. In a 

GC-sensitive CEM clone the GR is phosphorylated at serine 211 (GRP S211) by p38 

MAPK, resulting in increased GR-driven transcription and apoptosis [6,15]. PKA and GC 

synergize to overcome resistance in human leukemic CEM-C1 cells, and this finding was 

correlated with c-myc suppression [4, 16, 17]. In lymphoid T-cells, GR autoinduction also 

has been linked to GC sensitivity [18, 19]. Gene array analysis of Dex-sensitive CEM cells 

destined for apoptosis 24 hours after GC-activated the GR showed a striking increase in 

mRNA of the pro-apoptotic Bcl2 family member Bim, just at the onset of the cell death 

process [20, 21]. We hypothesized that the disregulation of signal transduction pathways is a 

general mechanism in GC-resistant hematological malignancies.

We tested predictions of our hypothesis: that ERK and JNK and mTOR activation act to 

oppose the apoptotic effect of GCs, while activation of PKA and p38 MAPK promotes it. 

The outcome and quantity of pro-apoptotic pathway adjustments, we reasoned, would 

converge on the induction and phosphorylation state of the GR. A final pro-apoptotic 

consequence should be the induction of Bim. Eight cell lines from various types of human 

hematological malignancies were selected. All contain functional GR; and all are resistant to 
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GC-dependant apoptosis. RPMI 8226 and OPM I are B-lymphoblastic myelomas derived 

from peripheral blood. IM-9 is an EBV positive B-cell leukemia. Ramos represents Burkitt’s 

lymphoma, a B-lymphocyte, as well as an EBV negative cell line. Molt-4, like CEM, is a T-

cell lineage ALL. Mo (MoT) is a hairy cell (specialized T-cell) leukemia line. We chose two 

myeloid lineage cell lines: HL-60 (acute myelogenous leukemia, AML) and K-562 (chronic 

myelogenous leukemia, CML).

Consistent with our hypothesis, inhibition of ERK and JNK or of mTOR, and activation of 

PKA restored GC sensitivity to all but one of the resistant lymphoid malignancies. Increased 

total GR and/or GRP at S211 and increased levels of Bim were accompanied with restored 

sensitivity. Appropriate pharmacological modulations of the ERK, JNK, PKA and/or mTOR 

pathways in combination GC may offer potential for treatment of certain refractory 

hematological malignancies.

2. Materials and Methods

2.1. Cell lines

The following cell lines were obtained from ATCC: HL-60, IM-9, K-562, Mo, Molt-4, and 

Ramos. OPM-I [22] and RPMI 8226 [23] were established as previously reported.

2.2. Cell culture and drug treatments

RPMI 8226, IM-9, Ramos and Molt 4 cells were grown in RPMI 1640 (Cellgro Media Tech, 

Herndon, VA) at pH 7.4 supplemented with 10% fetal bovine serum (FBS, Atlanta 

Biologicals, Norcross, GA). OPM-I cells were cultured in RPMI 1640 at pH 7.4 

supplemented with 10% defined FBS (HyClone, Logan, UT); HL-60, K-562 and Mo cells 

were grown in Iscove’s modification of DMEM (Cellgro Media Tech, Herndon, VA) at pH 

7.4, supplemented with 10% FBS (Atlanta Biologicals). Cells were cultured at 37°C in a 

humidified atmosphere of 95% air / 5% CO2 and subcultured regularly to ensure logarithmic 

growth. In preliminary experiments, the concentrations of forskolin (Fsk) and rapamycin that 

provided optimal effect with minimal toxicity were determined. RPMI 8226 and Ramos 

cells were treated as appropriate for each experiment with vehicle (ethanol/DMSO/and/or 

sterile HPLC-grade water < 0.1% final concentration), 1 µM Dex, 1 µg/ml SP600125, 1 

µg/ml U0126, 10 µM Fsk, 1 µM cell permeable JNK inhibitory peptide (ip) (Calciochem, 

San Diego, CA), 15 nM rapamycin, or various combinations of each. Molt 4 cells were 

treated identically except for using 5 nM rapamycin. IM-9 cells were treated the same as 

RPMI 8226 except for substituting 3 µg/ml U0126 and 100 nM rapamycin. OPM I cells 

were treated as RPMI 8226 except for 5 µM Fsk and 5 nM rapamycin. All reagents were 

from Sigma-Aldrich (St. Louis, MO), Burdick and Jackson (Muskegon, MI), or Calbiochem.

2.3. Viable cell determination

Cell culture density ranged from 1×105 to 1×106 viable cells/ml. Cell viability was 

determined by Trypan blue vital dye exclusion (Sigma-Aldrich) using automated cell 

counting (Vi-Cell, Beckman Coulter, Miami, FL). Doubling times, in hours, were generated 

using GENTIME: OPM-I 32.8, HL-60 30.0, Mo 29.6, Ramos 24.5, CEM-C7-14 22.0, 

Molt-4 19.5, RPMI 8226 16.5, IM-9 14.5, and K-562 12.0. For flow cytometry, cells were 
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collected by centrifugation and stained with propidium iodide (PI) as described [7]. At least 

25,000 cells per assay were analyzed.

2.4. Detection of active caspase 3

To evaluate caspase involvement when cell death was observed, cells were treated with the 

pan-caspase inhibitor Z-VAD (15µM) (R&D Systems, Inc., Minneapolis, MN) for 2 hours, 

followed by the above mentioned concentrations of Fsk, rapamycin and Sp600125 + U0126 

with and without Dex. APO ACTIVE 3 antibody-FITC detection kit was used per 

manufacturer’s instructions (Cell Technology, Mountain View, CA.). Approximately 20,000 

cells were analyzed using single color flow cytometry at 488 nm.

2.5. Immunochemical analysis

Cells in mid-logarithmic growth (3×105 cells/ml) were pretreated for varying times with Dex 

+/− appropriate pharmacological agents, after which whole cell lysates were immunoblotted. 

Antibodies used: phospho-specific GR at S211 (Cell Signaling Technology, Danvers, MA); 

anti-GR (Affinity Bioreagents, Golden, CO); β-actin (Santa Cruz Biotechnology, Santa 

Cruz, CA); and Bim (Sigma-Aldrich).

MAPK Immunoblots were performed with antibodies specific for: phospho-(Threonine202 

and Tyrosine204) – ERK; phospho (Threonine183 and Tyrosine182) – p38 (Cell Signaling 

Technology); or phosphorylation state independent ERK (Calbiochem), or JNK (Cell 

Signaling Technology), or p38 MAPK (Calbiochem).

2.6. MAPK proportion calculation

Preliminary experiments in each cell line established the linear range for detection of 

immunochemical reaction for ERK, JNK, and p38 (data not shown). Working within this 

range, total and phosphorylated ERK, JNK, and p38 were estimated quantitatively by image 

analysis. In 3 independent experiments, none of the MAPK's showed variation in the basal 

state or after Dex treatment. Therefore, the amount of each immunochemically detected 

MAPK could be expressed in terms of total protein extracted (adjusted to X/ml in every 

experiment). The relative phosphorylated forms of each MAPK, estimated 

immunochemically, could be calculated:

Phospho MAPK X
Phospho−(ERK + JNK + p38) + (total µg protein) = Fraction of X

total phospho MAPK

For more details on this analysis refer to Miller et al. [7].

3. Results

3.1. Characterization of resistant cell lines

All chosen cell lines had been reported, with varying degrees of detail, to be GC-resistant. 

We confirmed that they were resistant to 1µM Dex by following growth and viability for 96 

hours. Three lines (Ramos, RPMI 8226 and IM-9) showed minimal to modest slowing of 
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doubling time with Dex, without loss in viability. (Data not shown; see Dex controls, Fig. 

2A, Supplementary Figure 1).

Most lymphoid cells in tissue culture selected for GR resistance have been shown to lose 

active GR [24, 25]. Cells from GC-resistant patients, however, are often GR+ [26]. We 

therefore selected lines previously reported to be GR positive: RPMI 8226 37,000 sites/cells 

[27], IM-9 23,000 [12], K-562 12,300 [13], HL-60 10,300 [13], Ramos 8,870 [28], MOLT-4 

8,600 [12]; and the Dex-sensitive cell line CEM-C7-14 8,400 (EBT, unpublished data). The 

GR content of OPM-I has been reported as 64.3± 11.0 fmol GR protein/106 cells [27]. To 

our best knowledge, only GR presence and function in Mo (MoT) has been reported, as 

discussed later [29]. The cell lines all had similar GR binding affinities for Dex, with Kds 

ranging from 1.9×10−9M for CEM-C7-14 cells to 12.5×10−9M for Ramos. We have 

confirmed the presence of GR in each cell line by immunoblot analysis (data not shown).

Functionality of the GR in these cell lines has been reported. IM-9 cells showed some 

biochemical responses to GCs but were not growth inhibited [30, 31]. HL-60 cells were 

growth inhibited when GCs were administered together with interferon-α [32]. Functional 

GR was documented for RPMI 8226 and OPM-1 [12], Molt-4, K-526 [30] and Ramos [33]. 

Transient transfection experiments of the Hairy cell leukemia cell line MoT with reporter 

plasmid driven by a GC response element (GRE) resulted in an increase in GRE-dependent 

transcriptional activity indicating endogenous functional GR [34].

3.2. Dex-resistant cell lines have higher basal levels of phosphorylated (active) JNK and 
ERK than a Dex-sensitive cell line

Data from CCRF-CEM clones indicates that JNK and ERK protect against, whereas p38 

enhances, GC-dependent apoptosis [7]. The GC-resistant clone CEM-C1-15 contains high 

basal levels of phosphorylated (activated) JNK as well as phosphorylated ERK, compared to 

sensitive clones CEM-C1-6 and CEM-C7-14. Inhibition of ERK and JNK converted C1-15 

cells to GC-sensitive [7]. We therefore compared the phosphorylation levels of JNK and 

ERK in the eight malignant Dex-resistant cell lines with those of the Dex-sensitive clone 

CEM-C7-14 without or with Dex treatment. Within each cell line neither total nor 

phosphorylated JNK or ERK varied significantly with or without Dex (Figure 1). However 

the levels of phosphorylated JNK and ERK were much higher in each of the resistant lines 

than in GC-sensitive clone CEM-C7-14 (Fig. 1). The bar graph shows the average 

phosphorylated JNK and ERK levels, with and without Dex treatment; In the same scale, in 

CEM-C7-14 cells they are too low to be seen’ though they are detectable with longer film 

exposure. Phosphorylation of MAPKs is associated with their activation; hence these results 

are consistent with our hypothesis that ERK and JNK activities are protective and may play 

a crucial role in resistance to GCs. We concluded that: 1. total JNK and ERK protein levels 

were not affected by the addition of Dex; 2. total JNK and ERK protein levels were 

somewhat higher in the resistant cell lines when compared to the sensitive cell line; and 3. 

all the GC-resistant cell lines expressed higher levels of phosphorylated JNK and ERK than 

GC-sensitive CEM cells.
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3.3. Manipulation of several signaling pathways can restore sensitivity to Dex in resistant 
lymphoid malignancies

Cell growth and viability were evaluated by several methods, including phase contrast 

microscopy, counts of viable cells and flow cytometry for DNA content.

ERK activity was pharmacologically blocked by inhibiting its upstream MEK with U0126, 

and JNK activity was inhibited by either SP600125 or i.p. Inhibition of ERK and JNK 

slowed cell growth with minimal effects on viability. In five of the eight tested cell lines 

addition of Dex then caused apoptosis, with a marked reduction of total viable cells and 

obvious cellular death seen by phase contrast microscopy (Figure 2A, E). These cell lines 

were the Burkitt’s lymphoma (Ramos), 3 myeloma lines (RPMI 8226, IM-9, OPM-I), and 

the T-cell leukemia Molt-4 (Fig. 2A). The bar graphs show total cell counts after 96 hours 

and distinguish residual viable cells (open bar) from countable but non-viable (shaded bar) 

Trypan blue-positive cells. The combination of both inhibitors (Fig. 2A, SpU0) had a greater 

sensitizing effect in the B-lineage cell lines, where viable cell counts were reduced after Dex 

(SpU0Dex) by 66% – 87% than in the T cell derived Molt-4 cells, where the block of ERK 

and JNK followed by Dex resulted in a 45% decrease. To test for non-specific drug effects, 

we also employed a peptide specifically inhibitory to JNK in Ramos and RPMI 8226 cells. 

The combination of JNK inhibitory peptide and ERK inhibitor U0126 also rendered the cells 

sensitive to Dex-dependent apoptosis (data not shown). Treatment of the hairy cell leukemia 

line Mo cells with inhibitors of ERK and JNK alone reduced cell growth and viable cell 

numbers; however, no additional Dex effect was observed (Supplementary Figure 1a). 

Finally, the myelogenous leukemias HL-60 and K-562 showed no response to any of the 

treatments (Supplementary Figure 1b and 1c respectively).

Rapamycin, an inhibitor of mTOR, has been reported to stimulate G1 arrest in cycling B-

chronic lymphoblastic leukemia cells and to interfere with many molecules important for 

cell cycle regulation [35]. We also confirm and extend prior studies linking rapamycin 

treatment to Dex induced apoptosis, in two resistant myeloma lines [8] and one T-cell 

leukemia line [7]. Following pretreatment with rapamycin for 24 hours, Dex was added to 

the cell cultures and the effect was followed by counting viable cells after a total treatment 

time of 96 hours. The same five cell lines that had shown Dex sensitization by blocking 

ERK and JNK were sensitized by rapamycin (Figure 2B). The extend of cell death was 

greatest in Ramos cells (87% decrease in viable cells), followed by myelomas RPMI 8226 

and OPM-I, IM-9 cells and the T-cell line Molt-4 (38% decrease).

Fsk activates adenylate cyclase and thus cAMP production, which in turn causes activation 

of PKA [4, 15]. Loss of PKA activity has been demonstrated to cause a significant decrease 

in GC sensitivity [36]. PKA and GCs act synergistically to overcome resistance in Dex-

resistant CEM cells and this correlates with c-myc and Hedgehog pathway suppression [4, 

15]. We now extend these results by showing a synergistic effect of PKA with GCs to induce 

apoptosis in several lymphoid malignancies (Fig. 2C, Supplementary Figure 2). Ramos and 

IM-9 cells showed the greatest sensitivity to combined treatment with Fsk plus Dex, with 

decreases of viable cells by 97 and 93%, respectively. The treatment resulted in a reduction 

of drug matched viable cells by 83, 69 and 60% in RPMI 8226, OPM-I and Molt-4, 

respectively. Significant growth inhibitory effect by Fsk alone was only seen in RPMI 8226 
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when compared to Dex treatment. Thus of the three pathways, the PKA path provided the 

greatest sensitization to Dex and the least effect on cell growth. The myeloid cell lines 

exhibited no response to Dex when Fsk was present (Supplementary Figure 1b,c).

3.4. Repeated cycles of treatment with sensitizing drugs followed by Dex leads to 
increased cell kill

Since the restored sensitivity of these cell lines did not result in a complete loss of viable 

cells during a single round of treatment, we evaluated the sensitivity of the residual cell 

populations. The possibility of a completely resistant subpopulation was excluded by re-

treating the cell population of Ramos, IM-9 and Molt-4 after 2–3 days of recovery time, 

when cell viability of the population had returned to ≥ 85%. All three cell lines responded 

with a similar or greater degree of cell kill when given up to 4 additional cycles of 

combination drugs. This response is shown for IM-9 cells in Fig. 2D, as typical of the three 

cell lines. No significant population of resistant cells appears to have emerged after four 

rounds of treatment.

3.5. Flow cytometry and caspase 3 activity (FACS) indicate that in inhibitor treated cells 
Dex causes apoptosis

The appearance of apoptosis in microscopic visualization of cells reverted to Dex sensitivity 

was confirmed by documenting two characteristic features of apoptosis: lysis of DNA 

karyorrhexis within intact plasma membranes and activation of caspases. Flow cytometry of 

PI-stained cells showed that none of the single treatments increased the population of cells 

with sub-diploid amounts of DNA. Each combination of drug(s) plus Dex, however, resulted 

in a clear increase of sub-diploid cells, a classic indicator of apoptosis. Results with RPMI 

8226 and Ramos cells are shown, with the Dex-treated, Dex-sensitive clone CEM-C7-14 as 

positive control (Fig 3A). An increase over controls by each combination was confirmed in 

all 5 lines convertible to Dex-sensitive and was not observed in the 3 lines that did not 

convert (not shown).

FACS identified cells containing activated caspase 3 after exposure to purified polyclonal 

antibodies specific for the cleaved protease raised against amino acid sequence 163–175 of 

murine caspase 3. A time course analysis was performed in Ramos cells, following each of 

the three sensitizing treatments: block ERK and JNK activity, inhibition of mTOR or 

activation of PKA, alone and with the addition of Dex (Fig. 3B). Alone, Dex, Fsk, 

rapamycin, and the SP600125 plus UO126 combination each caused a modest increase in 

caspase 3 positive cells, control also increased over time. Dex in conjunction with each of 

the other treatments resulted after ≥ 20 hours in a two to three fold increase in caspase 

positive cells relative to drug-matched controls. This substantiates a late apoptotic event, 

consistent with the lag before overt apoptosis seen microscopically or by cell counting. 

Treatment for 36h was therefore chosen to screen IM-9 and Molt-4, representing the other 

two classes of cells that could be sensitized to Dex. Caspase 3 positive cells in IM-9 ranged 

from 3–5% after single-variable treatments and rose to 11–20% when Dex was added to the 

respective sensitizing treatments. Molt-4 showed 2–5% caspase 3 positive cells in single 

variable circumstances, and this rose to 7–10% after Dex was added to the other drugs (data 

not shown). The inherently Dex-sensitive cell line CEM-C7-14 was used as a positive 
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control. Dex-sensitive CEM-C7-14 cells were 10% caspase 3 positive after 36 hours with 

Dex. This single time-point may not show the maximum effect in each cell line, but the data 

clearly indicate a “snapshot” sensitizing effect of each of the three pathway inhibitors to 

Dex-dependent activation of caspase 3.

3.6. Inhibition of caspase activity by Z-VAD blocks the death of cells sensitized to Dex

To confirm the causative role of caspases in these apoptotic events, we inhibited caspase 

activity in cell cultures by addition of Z-VAD, and then carried out sensitizing treatments 

followed by Dex challenge. Dex-sensitive CEM-C7-14 cells, given Dex, which are known to 

die by apoptosis, were also treated with Z-VAD to confirm reversal of Dex sensitivity. In 

these and in all three tested cell lines- Ramos, IM-9 and Molt-4, there was a statistically 

significant reduction in Dex-dependent death when caspases were blocked by Z-VAD 

(Figure 3C).

3.7. Dex-sensitizing treatments alter the balance between anti- and pro-apoptotic MAPK’s

In CEM clones, inhibition of ERK and JNK enhances while inhibition of p38 activity 

opposes GC-induced apoptosis [7]. We hypothesized that this balance of MAPK activities is 

more general and evaluated the relative levels of total and activated MAPKs in all five 

sensitizable cell lines. Each of the Dex-sensitizing treatments alters the balance between the 

three major MAPK signal transduction pathways as hypothesized. Total protein levels of the 

three MAPKs did not change, regardless of the treatment. This allowed comparison of 

proportions of the phosphorylated p38, ERK and JNK within each cell line (Fig. 4 and 

Supplementary Figure 4). In all, the proportions of JNKP and ERKP diminished while p38P 

levels increased after the Dex-sensitizing treatments. Figure 4A shows representative 

immunoblots of Ramos cell proteins after all eight treatments, analyzed for total and 

phosphorylated MAPK levels. The cells were extracted after a total treatment time of 24 

hours, a time just prior to the onset of apoptosis. As immunoblots show, total JNK, ERK, 

and p38 varied little, but phosphorylated MAPK quantities varied considerably, depending 

on the treatments. The large pie charts below the blots show proportions of phosphorylated 

p-38 (p38P) and (JNKP + ERKP), averaged from three experiments. The smaller charts in 4B 

show the proportions of phosphorylated MAPKs for all other cell lines that became Dex-

sensitive with combined treatments. In each case, the sensitizing treatments increased pro-

apoptotic p38P but decreased the anti-apoptotic MAPKs, JNKP and ERKP. The myeloid 

lineage cell lines HL-60 and K-562 that did not undergo apoptosis as a result of the 

treatment regimen, were unaffected as to the distribution of ERKP, JNKP and p38P. The Fsk

+Dex and the Rap+Dex treatments did not diminish the high (ERK+JNK)P levels and did 

not increase those of p38P. This further strengthens our hypothesis that myeloid derived cells 

are not dependant on the proposed interactions. In Mo, inhibiting active ERK and JNK by 

SP+U0 decreased their levels but no additional Dex induced decrease was observed 

(Supplementary Figure 3).

3.8. Auto-induction of GR site-specific and activating phosphorylation of GR correlated 
with conversion to Dex sensitivity

In several lymphoid systems ligand-driven transcriptional autoinduction of GR is important 

for GC-induced cell death [18, 19]. We tested the generality of this effect by analyzing the 
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cell lines herein converted to be Dex-responsive. Inhibition of ERK and JNK followed by 

addition of Dex increased GR protein levels in all five cell lines by at least 2.5-fold. 

Rapamycin plus Dex increased GR protein levels by 2.2–2.7-fold in Ramos, IM-9, RPMI 

8226, and OPM-I cells. All these increases were statistically significant compared to Dex or 

drugs only (Fig 5). In Molt-4 the average 1.7-fold increase did not reach statistical 

significance. Fsk plus Dex increased GR levels significantly with respect to Dex or Fsk 

alone in Ramos, RPMI 8226 and IM-9 and cells. In OPM-I cells, the increase reached 

significance with respect to Fsk alone but not to Dex-only GR levels. In Molt-4 cells, Fsk 

alone increased GR levels (Fig. 5). Thus there was a clear tendency for the sensitized cells to 

show Dex-driven induction of GR.

To cause apoptosis, the quantity of active GR and not just GR protein is critical. The 

phosphoprotein GR is a target of site-specific phosphorylation by p38 MAPK and GRP is 

involved in the apoptotic progress in CEM cells [6, 36]. Therefore we assayed for the effect 

of the sensitizing treatments on phosphorylation of GR S211, the critical site. 

Phosphorylation of S211 was identified by imunoblotting with a site-specific anti-serum to 

GRP S211. In every case, after treatment with sensitizing compounds, addition of Dex 

resulted in a 2–7 -fold increase of GRP 211 (Fig. 5A+B). These increases were all 

statistically significant with the sole exception of Fsk plus Dex in Molt-4 cells, wherein the 

2-fold averaged increase showed too much variability. When phosphorylated, S226 of the 

GR has been reported to be inhibitory to GR actions in certain cells (3, 37). We therefore 

also checked for the effects of our treatments on S226. We found that this site also tended to 

be relatively more phosphorylated. Further experiments suggested that in our systems, S226P 

enhances rather than inhibits GR actions (data not shown). Further experiments will be 

required to define the cellular differences that distinguish the actions of S226. Thus, in five 

cell lines converted to be sensitive to Dex-driven apoptosis, Dex causes increased total and 

site-specific phosphorylated GR (Supplementary Figure 4).

The myeloid lines were unresponsive to treatment regimen and no increase in GRP levels or 

GR and Bim protein was observed, consistent with the conclusion that these cell lines do not 

signal for apoptosis through the GR (Supplementary Figure 3).

3.9. In sensitized cells, a Dex-dependent increase in Bim precedes apoptosis

Mounting evidence implicates the pro-apoptotic Bcl-2 family protein Bim is an important 

precipitating factor in GC-induced apoptosis. By gene array studies of CEM C7 cells, we 

discovered strong Dex-dependent induction of Bim mRNA just prior to the onset of 

apoptosis [10]. This was shown almost simultaneously in an independent study [21]. We 

hypothesized that we would find Bim increased in the Dex-resistant cell-lines converted to 

Dex-sensitivity. Indeed, in four out of the five cell lines, pharmacological manipulation of 

each of the three signaling pathways led to Dex-dependant increases in Bim. Ramos, IM-9, 

OPM-I and RPMI 8226 cells all displayed statistically significant increases in Bim protein 

levels after Dex when compared to their respective drug-treated controls (Fig.5, right-hand 

column of graphs and Supplementary Figure 4). Molt-4 cells were an exception and showed 

significant increases of Bim levels only in the SpU0/SpU0 plus Dex treatment group. Fsk or 

Rap alone seemed to increase Bim in these cells, though the increases were not found to be 
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statistically significant. This exception of the pattern suggests that induction of Bim may not 

be the sole mechanism for Dex-dependant apoptosis.

4. Discussion

GCs such as Dex are widely used in the treatment of hematological malignancies. The 

presence of GR in the malignant cells is necessary but not sufficient for the steroids to evoke 

cell death. Too often, the cells are GR-positive but steroid resistant. Recently, studies have 

shown that GR function can be affected by interactions with other signal transduction 

pathways [1–5, 8, 16]. In the CEM cell system of closely related Dex-sensitive or Dex-

resistant clones, we have shown that the MAPK and PKA pathways are deeply involved in 

this regulation of GR function. These pathway interconnections are most vividly revealed by 

treatments which can convert GR-positive but Dex-resistant CEM cells to cells that are 

killed by the steroid. Stimulating the PKA pathway does so [10, 38] and so does blocking 

the ERK/JNK pathways [7]. Armstrong et al. showed that the mTOR blocker rapamycin also 

converts GR-positive cells to Dex-sensitive [39] and we confirmed this and found that 

rapamycin also causes a reduction in phosphorylated JNK [7].

These results encouraged an examination of the generality of these effects. CEM cells are of 

an early T-cell lineage. We selected eight GR-positive cell lines, all resistant to Dex-evoked 

cell death, from various lineages. Molt-4 cells, also T-lineage, were chosen to see whether 

the studied effects are specific to that sub-group of cells. MoT cells, from hairy cell 

leukemia, represent a very specialized sub-set. B-lineage cells were represented by myeloma 

lines and Ramos cells derived from Burkitt’s lymphoma. Two myeloid-derived lines were 

found in HL-60 and K-562.

We tried to rebalance the three major MAPK paths by inhibiting ERK and JNK (anti-

apoptotic in CEM cells). We blocked mTOR with rapamycin (which in CEM cells also 

lowers activated JNK) and we stimulated PKA by use of Fsk. Together with our 

collaborators we have recently shown that this also suppresses the hedgehog (Hh) pathway 

[16]. Consistent with results from the resistant CEM clone C1-15, all the resistant lines had 

very high ERK and JNK levels relative to sensitive CEM clone C7-14. Treatment with Dex 

alone had no effect on these or on phosphorylated ERK and JNK levels. Alone, none of the 

treatments caused significant cell death in the absence of steroid, although several 

dramatically slowed cell growth.

Each of these manipulations succeeded in conferring sensitivity to Dex-induced apoptotic 

death on five of the eight test lines. The two myeloid lines and the hairy cell MoT line were 

resistant to all treatments. We explored these known aspects of mechanisms for this shift to 

Dex sensitivity. First, each of the treatments shifted the ratio of phosphorylated/activated 

MAPKs in favor of pro-apoptotic p38P and away from anti-apoptotic JNKP / ERKP. The 

ratio of the phosphorylated forms seems key. Since the total immunoreactive protein protein 

of each MAPK remained constant, we normalized the quantity of the immunoreactive 

phosphorylated form to that constant and then compared the relative amounts of the 

phosphorylated forms. Generally, the treatments lowered the phosphor-JNK and –ERK, 

without much effect on p38. Thus, the relative amount of p38P increased. Second, the 
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sensitizing treatments caused Dex to promote GR autoinduction and phosphorylation of GR 

at a site known to enhance the transcriptional and apoptotic actions of the receptor. We note 

that p38 is among the kinases that phosphorylate this site [6]. More GR favors a stronger 

response and greater sensitivity to a given concentration of GC [40]. Some treatments 

increased GR, with a constant proportion of GR S211P, whereas others resulted in increased 

GR and a higher fraction of S211P as well (Figs 4,5). The net result in either case was 

increased total GR with S211P. Third, we found that the sensitizing treatments to alter 

pathways influential on the GR path caused almost all the sensitized cells to respond to Dex 

by increasing levels of the pro-apoptotic protein Bim. Bim has been implicated repeatedly in 

steroid-induced apoptosis of lymphoid cells [10, 21]. The exception is instructive; Fsk or 

Rap alone in Molt-4 cells tended to raise Bim levels, without causing apoptosis. This 

suggests that Bim alone may not always be both necessary and sufficient to bring about 

apoptosis. Exactly how the pathways examined interact to converge in these effects will 

require detailed dissection of each pathway.

5. Conclusions

We conclude that several types of T- and B-lineage malignant cells can be converted from 

Dex-resistant to Dex-sensitive by certain pharmacological manipulations. These include 

suppressing ERK and JNK activity, blocking m-TOR (and suppressing JNKP) with 

rapamycin, and stimulating PKA. The successful conversion to Dex-sensitive results in 

induction of GR, at a specific phosphorylation dependant activating site, and induction of 

Bim. Very recently, it has been shown that activated JNK promotes Bim EL degradation 

[41]. Our results are consistent with this finding. Treatments that reduce JNKP enhance Dex 

induction of Bim. Several compounds that have these actions on the cross-talk pathways are 

in clinical use or trials [42, 43]. Others may be suggested by our results. We hope that these 

results offer encouragement to those who might envisage improved treatments for certain 

lymphoid malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. All the Dex-resistant cell lines have high levels of JNKP and ERKP relative to Dex-
sensitive CEM-C7-14 cells
Cells were plated at 3×105 viable cells/ml. After exposure to 1 µM Dex or vehicle for 24 h, 

cell lysates were prepared and analyzed by immunoblot for total and phosphorylated ERK 

and JNK. Each filter was subsequently blotted for β-actin (not shown). A. Characteristic 

blots from two experiments, Experiment 1, filters I and II, for phosphorylated (JNKP) and 

total JNK, each ± Dex. Experiment 2, filters III and IV, for ERKP and total ERK ± Dex. B. 
Average JNKP and ERKP levels, ± Dex, each cell line. Means from 3 independent 

experiments. Images were analyzed densitometrically and normalized to β-actin. Ordinate: 
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Ratio of densitometry units, MAPK/actin. Error bars =1 standard deviation of average n=3 

independent experiments; p value based on two-tailed students t-test using Excel.
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Fig. 2. Manipulation of three signaling pathways can sensitize lymphoid cells to Dex
Equal numbers of growing cells were plated in triplicate in 12-well tissue culture plates. In 

each experiment, the pathway-altering agents at empirically determined concentrations that 

caused little or no reduction in viability were added first, and after a suitable interval, Dex 

was added to 1 µM. Control wells (Con) received <0.1% by volume ethanol vehicle. Total, 

viable and non-viable (Trypan-blue stained) cells were counted (Vi-cell Counter, Beckman) 

96 h after addition of Dex. Results are shown as averages from three such experiments. Error 

bars correspond to 1 standard deviation: upward, for non-viable cells; downward, for viable 

cells. Where no error bars are shown, the standard deviation fell within the margins of the 

bar. Error bars= 1 standard deviation of average experiments, n=3 each performed in 

triplicates; p value based on two-tailed students t-test for matched drug treatments using 

Excel. A. Inhibition of ERK and JNK. ERK inhibitor via upstream MEK: U0126 (U0); 

JNK inhibitor: SP600125 (Sp). Combined treatment, SpU0. Comparing SpU0 treated cells 

with SpU0 + Dex gave p values for the reduction in viable cells (*) ranging from 0.02 to 

0.007. B. Rapamycin (Rap). Rap vs. Rap + Dex comparisons gave p values 0.02-0.001. C. 
Forskolin (Fsk). Fsk vs. Fsk + Dex comparisons gave p 0.02-0.00006. D. Repeated 
treatments with pathway-altering combinations. IM-9 cells were treated with each drug 

or combination, counted 96 h later, allowed to recover, and retreated four times in 

succession. Each bar shows the results from one cycle. Con and Dex only show one bar 
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because after cycle one, the cells overgrew the wells. Ramos and Molt-4 cells were tested 

using the same protocol and showed similar results.
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Fig. 3. Biochemical markers indicate Dex-dependant cell death is apoptotic after sensitizing 
treatments
A. Acquisition of sud-diploid DNA content. FACS analysis of PI stained cells. RPMI 

8226 and Ramos cells treated for 96 h. 1- vehicle control, 2- Dex, 3- Fsk, 4- FskDex, 5- Rap, 

6-Rap+Dex, 7-Sp600125+U0126, 8- Sp600125+U0126+Dex. B. Time course, activation of 
caspase 3. Percent cells positive for activated caspase 3 at times indicated after each 

treatment. Note break scale of ordinate. Ramos cells. C. Inhibition of Dex-dependant 
apoptosis by Z-VAD. CEM-C7-14 cells (Dex-sensitive controls) were exposed to Dex ± Z-

VAD to block caspase activity. Dex-resistant, Ramos, Molt-4 and IM-9 were treated with 

Fsk+ Dex, Rap+ Dex and SpU0 + Dex, each ± Z-VAD and viable cells counted 96 h later. 

Averages from three experiments, error bars= 1 standard deviation of the average n=3 each 

performed in triplicates; p value based on two-tailed students t-test using Excel. In all 

conditions, comparing Z-VAD with non Z-VAD treatments gave p value ranging from 0.05 

to 0.0003.
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Fig. 4. Altered balance of JNKP, ERKP, and p38P correlates with a shift to a Dex sensitive 
phenotype
A. Ramos Cells. Immunoblots from one experiment showing in alternate lanes levels of 

indicated components in control and variously treated extracts. Extracts prepared after 24 h 

drug exposure, before apoptosis begins. JNK, ERK, p38 indicate total protein of each. JNKP, 

ERKP, and p38P indicate phosphorylated (active) forms. Actin: loading control. Large pie 

charts below show average proportions of the phosphorylated forms of three such 

experiments (for detailed description see Methods). Labels in leftward chart identify the 

pattern code; labels at top indicate treatment. B. Proportions of the phospho-MAPKs in the 4 

other sensitizable lines. Averages from 3 independent experiments.
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Fig. 5. Cells converted to GC sensitivity show Dex-driven increase in total GR, GRP S211 and 
Bim
Cells from 5 cell lines were treated with the MAPK path inhibitors SP600125 (Sp) plus 

U0126 (U0), the mTOR inhibitor Rapamycin (Rap), or the PKA pathway stimulator 

Forskolin (Fsk) for 6 h, followed by Dex for an additional 18 h. Cell extracts were 

immunoblotted for total GR, GRP S211 (GRP) or Bim isoforms EL, L and S (Bim). A. 
Ramos cells. Immunoblots typical of those from all experiments are shown. A and B. 
Densitometric scans of blots from three independent experiments were normalized to actin 

and plotted in the bar graphs. Cell lines are indicated. Error bars= 1 standard deviation of the 

independent experiments, p value based on two tailed students t-test using Excel. * Indicates 

p<0.05 and ** indicates p<0.009 obtained from drug matched controls.
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