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Introduction

Glucocorticoid hormones are essential physiological and phar-
macological regulators of proliferation, differentiation and apop-
tosis of lymphoid cells and are widely used for the treatment of 
patients with different T- and B-cell lymphomas and multiple 
myeloma.1,2 Though the therapy of hematological malignancies 
has evolved over the past decade, the glucocorticoids still remain 
central for their treatment, and are often used for combination 
chemotherapies with traditional and newer agents such as pro-
teasome-inhibitor Bortezomib (BZ).3,4 Unfortunately, patients 
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chronically treated with glucocorticoids develop resistance to ste-
roids along with numerous metabolic side effects.5,6

The biological response to glucocorticoids is mediated by glu-
cocorticoid receptor (GR), a well-characterized transcription fac-
tor.7-9 GR controls gene expression via (1) transactivation, which 
requires binding of GR homodimers to palindromic glucocorti-
coid-responsive elements (GRE) in gene promoters and enhanc-
ers, and (2) dimerization-independent transrepression, which is 
chiefly mediated via negative interaction between GR and other 
transcription factors, including major pro-inflammatory and 
pro-proliferative factors NFkB and AP-1.7,9,10
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GR. As expected, we revealed strong GR-dependent cooperation 
between CpdA and BZ in suppressing growth and survival of 
lymphoma and multiple myeloma cells.

Results

Structural and functional characteristics of GR in lymphoma 
cell lines. Despite the extensive use of glucocorticoids for the 
treatment of patients with hematological malignancies, GR status 
in lymphoma patient cells and in lymphoid cancer cell lines has 
not been well-investigated. There are several GR isoforms that 
arise due to the alternative splicing. The major, fully functional 
GR isoform is GRalpha.29 Our work is focused on this major 
GRalpha isoform, and we use the abbreviation “GR” throughout 
the text to refer to GRalpha.

To choose the most suitable cell model for our studies, we 
characterized GR expression and function in several T- (CEM 
and K562) and B-lymphoma (NCEB, Granta and Jeko) cell lines 
that are widely used for the testing of novel chemotherapeuti-
cal drugs. First, we analyzed whether these cells harbor any GR 
mutations, as there are more than 40 mutation hot spots in GR 
exons that could modify response to glucocorticoids and contrib-
ute to glucocorticoid resistance.30-32 Direct sequencing did not 
reveal any genetic abnormalities in the GR coding region.

Next, we assessed GR protein expression and nuclear trans-
location in response to glucocorticoid dexamethasone (Dex), 
widely used for blood cancer treatment (Fig. 1A and B). In 
untreated cells, GR was preferentially localized in the cytoplasm, 
and Dex induced GR nuclear translocation in ALL studied cell 
lines. However, the basal level of GR expression and its nuclear 
accumulation were significantly higher in CEM and NCEB cells 
and correlated well with their higher sensitivity to Dex growth-
inhibitory effect (Fig. 1A–C). Indeed, after 48 h, incubation 
with 1 μM Dex, the number of living CEM and NCEB cells 
was decreased by ~40% and 70%, respectively, while in K562, 
Granta and Jeko growth inhibition was insignificant, in the 
10–20% range (Fig. 1C).

Based on these experiments, we have chosen CEM and NCEB 
cells to study ligand properties and anticancer effects of CpdA. 
To prove that CpdA effects are GR-dependent, we generated 
CEM and NCEB with blocked GR expression using stable infec-
tion with shGR lentivirus (Fig. 1D).

Cytotoxic effect of CpdA in transformed lymphoid cells 
depends on GR. To evaluate CpdA anti-lymphoma potential, 
we first assessed CpdA and Dex growth-inhibitory effects at 
concentration range of 10 nM–10 μM in CEM and NCEB cells 
(Fig. S2). We found that both GR ligands exerted significant cyto-
static effects at similar 1–3 μM concentrations (Fig. 2A; Fig. S2).

We also assessed CpdA cytotoxic effect in primary cell cul-
tures obtained from the patients with acute lymphoblasic leuke-
mia at the recurrence stage of disease. Remarkably, CpdA and 
Dex induced significant cell growth inhibition of primary cells at 
equimolar concentrations (Fig. 2C).

Next, we examined CpdA and Dex effects on cell survival, 
and found that both GR ligands induced apoptosis in NCEB 
and CEM cells. Indeed, flow cytometry analysis revealed that the 

In our recent work, we discovered that GR transrepression 
plays an important role in the tumor-suppressor effect of GR in 
different models.6,11,12 This makes anticancer and anti-inflamma-
tory mechanisms of the GR signaling similar, as it is well-under-
stood that major anti-inflammatory effects of glucocorticoids are 
mediated via GR transrepression.13,14 In contrast to therapeutic 
effects, many adverse metabolic effects of glucocorticoids are 
mediated by GR transactivation.13,14 Thus, selective GR activa-
tors (SEGRA, also called “dissociated” GR ligands) that prefer-
entially activate GR transrepression could be a better option for 
the treatment of patients with hematological malignancies.

Recently, several non-steroidal SEGRA have been developed 
and entered clinical trials as anti-inflammatory GR ligands 
with reduced side effects.14,15 One of the novel GR modulators 
is a small molecule 2-(4-acetoxyphenyl)-2-chloro-N-methy-
lethylammonium-chloride also called Compound A (CpdA). 
CpdA is a synthetic analog of hydroxyphenyl aziridine precur-
sor isolated from the Namibian shrub Salsola tuberculatiformis 
Botschantzev.16 Others and we showed that CpdA acts as dis-
sociated GR ligand: it strongly competes with glucocorticoids 
for GR binding, does not induce GR-mediated gene activation 
well, but efficiently induces GR transrepression.17-20 Importantly, 
in vivo CpdA is as effective as glucocorticoids in counteracting 
inflammation in different animal models.17,19,21,22 Coincidently, 
in contrast to glucocorticoids, it has fewer side effects related to 
maintenance of hypothalamic-pituitary-adrenal (HPA) axis, and 
bone metabolism.14,17,19,21,23

We reported recently that CpdA has anticancer potential, and 
inhibits both growth and survival of highly malignant prostate 
cancer cells in GR-dependent fashion.20 Even though anticancer 
potential of GR modulators is mostly pertinent to hematologi-
cal malignancies, the effects of CpdA, as well as other SEGRA 
on T- and B-lymphoma and multiple myeloma cell growth and 
apoptosis, have not been studied.

Sensitivity to therapeutic effects of glucocorticoids, including 
apoptosis induced in lymphoid cancer cells, directly depends on 
the amount of functional GR.24 The 26S proteasome controls 
GR protein stability in untreated and hormone-treated cells and 
is responsible for cell desensitization to glucocorticoids via accel-
erated hormone-induced GR degradation.25,26 Consequently, the 
use of proteasome inhibitors represents a feasible pharmacologi-
cal approach to elevate the level of GR in cells.27,28

Currently, Bortezomib is the only clinically used proteasome 
inhibitor. It was approved by the FDA first for the treatment of 
patients with multiple myeloma and mantle cell lymphoma.3,4 
Since proteasome inhibitors stabilize GR, we hypothesized that 
BZ augments CpdA effects as a selective GR modulator and 
enhances its chemotherapeutic activity. Thus, the major goals of 
this study were to evaluate the anti-lymphoma potential of novel 
GR modulator CpdA, and to test whether BZ enhances CpdA 
ligand profile and increases its therapeutic potential. Using rep-
resentative human T- (CEM) and B- (NCEB) lymphoma and 
multiple myeloma (MM.1S) cell lines expressing endogenous 
functional GR, and their counterparts with silenced GR expres-
sion, we showed that CpdA indeed acted as dissociated GR ligand 
and inhibited growth and survival of these lymphoma cells via 
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folds in NCEB cells (Fig. 3A). At the same time, CpdA did not 
increase or slightly inhibited basal GR activity in both cell lines. 
Weak antagonistic effect of CpdA was most noticeable in NCEB 
cells, and was GR-dependent, as shown by lack of CpdA effect on 
GRE.Luciferase in cells infected with shGR-lentivirus (Fig. 3A).

It is well-accepted that GR transrepression is mostly medi-
ated via negative interaction between GR and other transcription 
factors, including NFkB and AP-1.6 We revealed similar nega-
tive effects of both GR ligands on NFkB and AP-1 in lymphoid 
cells in luciferase assay. Basal activity of these transcription fac-
tors was inhibited by CpdA and Dex (Fig. 3B). Importantly, 
we proved that CpdA’s inhibitory effect on NFkB and AP-1 is 
GR-dependent. Indeed, CpdA, similar to Dex, was not able to 
decrease NFkB and AP-1 activity in NCEB and CEM cells with 
blocked GR expression (Fig. 3B). Overall, our observations are 
in line with previous reports suggesting that CpdA is a unique 
dissociated GR ligand.

CpdA does not induce cell desensitization. Chronic treat-
ment with glucocorticoids frequently results in the development 
of resistance to steroids (tachyphylaxis).34 One of the important 
mechanisms of cell desensitization to glucocorticoids involves 
hormone-induced GR degradation.35 We compared effects of both 

number of apoptotic cells (sub-G
1
-phase cell population) reached 

30–40% after 48 h incubation with CpdA or with Dex compared 
with 4–6% in control (Fig. 2B). These results were confirmed by 
western blot analysis of PARP cleavage, which revealed similar 
(in CEM cells), and stronger (in NCEB cells), CpdA cytotoxic 
effect compared with Dex (Fig. 2B).

Importantly, GR blockage by shGR-expressing lentivirus 
(Fig.  1D) resulted in a drastic loss of sensitivity to CpdA and 
Dex in lymphoma cells (Fig. 2A). These data provide the direct 
proof that CpdA anti-lymphoma effects depend on GR.

CpdA induces GR transrepression in lymphoma cells. CpdA 
properties as GR ligand were characterized in non-lymphoid 
cells.17-19,33 As gene expression regulation by GR is cell context-
dependent and varies significantly in different cells and tissues, 
we assessed CpdA effect on GR transactivation and transrepres-
sion in comparison to Dex by Luciferase assay in CEM leukemia 
and NCEB lymphoma cells. To overcome notorious resistance 
of lymphoid cells to transient transfections, we generated cells 
stably infected with lentiviruses expressing GRE, NFkB and AP1 
Luciferase reporters.

We found that Dex induced GR activity (evaluated in cells 
infected with GRE.Luc reporter) by 2–3 folds in CEM and ~20 

Figure 1. Expression and function of GR in leukemia and lymphoma cell lines. (A) Expression of GR in leukemia and lymphoma cells was determined in 
untreated cells by western blot analysis of whole-cell lysates. Membranes were probed with anti-actin antibodies to verify equal protein loading and 
transfer. Image digitizing and quantitative analysis of GR: actin normalized expression was performed by the Odyssey v 1.2 software. (B) Cells were 
treated with solvent (Control) or Dex for 24 h, and GR nuclear translocation was determined by western blot analysis of nuclear proteins. Membranes 
were probed with anti-HDAC-1 antibodies to verify equal protein loading and transfer. (C) Cells were treated with solvent (Control) or Dex for 48 h, and 
effect on cell growth was estimated by cell counting. * Statistically significant differences (p < 0.05) between Dex- and solvent-treated cells. (D) Gen-
eration of cells with GR knockout. Cells were infected with shGR- or empty vector-expressing lentiviruses. Expression of GR in CEM-shEV, CEM-shGR, 
NCEB-shEV and NCEB-shGR cells was determined by western blot analysis of whole-cell lysates. Membranes were probed with anti-actin antibodies to 
verify equal protein loading.
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both CEM and NCEB cells (Fig. 5C). We next evaluated the 
effect of BZ on GR function modulation induced by CpdA in 
lymphoid cells. To reduce the cytotoxic effects on CpdA and BZ 
on Luciferase expression, we treated cells with BZ and CpdA at 
marginally toxic concentrations (as shown in Figs. S2 and 3) for 
a relatively short time (8 h).

It was shown previously that in some cells, BZ alone could 
induce GR nuclear translocation and activate GR. Using GRE.
Luc reporter assay, we found that BZ either did not affect (in 
CEM) or induced (in NCEB) GR activity in lymphoid cells. 
However, GR activation by BZ in NCEB cells was 4–5 fold 
lower compared with activation induced by Dex (4–5-fold 
induction by CpdA vs. 20-fold induction by Dex, Figs. 3A and 
5A). This is an important finding, suggesting that a large por-
tion of GR in BZ-treated cells remained inactive in the absence 
of ligand. Thus, we assumed that the functional profile of accu-
mulated GR will be defined by ligand. Indeed, the exposure of 
NCEB cells to CpdA+BZ resulted in decreased GR transactiva-
tion potential, compared with BZ only (Fig. 5A). In CEM cells, 
luciferase activity after BZ+CpdA treatment was similar to basal 
control level.

ligands on GR stability in CEM and NCEB cells. Remarkably, 
in contrast to Dex, which induced significant GR degradation 
in both cell types, CpdA did not affect GR level within 24 h of 
treatment (Fig. 4A and B).

Another common mechanism of cell desensitization to gluco-
corticoids is mediated by a negative feedback loop via GR molec-
ular chaperone FKBP51 (also called FK506-binding protein 536). 
FKBP51 sequesters GR in cytoplasm and prevents its nuclear 
translocation.37,38 We found that in contrast to Dex, CpdA did 
not activate FKBP51 gene/protein expression (Fig. 4A and B). 
Overall, our experiments showed that CpdA failed to induce two 
important mechanisms underlying development of cell resistance 
to activated GR signaling.

Bortezomib enhanced CpdA properties as “dissociated” 
GR ligand. It is known that proteasome inhibitors can stabilize 
GR both in steroid-treated and -untreated cells.26,35 Thus, we 
expected that BZ will accumulate GR protein and, consequently, 
enhance CpdA ligand properties, further shifting GR activity 
toward transrepression.

Indeed, we found that after a relatively short-time BZ treat-
ment, the amount of GR protein was significantly increased in 

Figure 2. Cytotoxic effect of CpdA in transformed lymphoid cell lines and primary leukemia patient cells. CEM-shEV, CEM-shGR, NCEB-shEV and 
NCEB-shGR were treated with solvent (control), Dex or CpdA for 48 h, and the effect on cell growth (A) was estimated by cell counting. The effect on 
apoptosis (B) was determined by flow cytometry using propidium iodide staining (the amount of cells in sub-G1-phase was calculated as percentage 
to all cells in sample) and by western blot analysis of cleaved PARP level. Membranes were probed with anti-HDAC-1 antibodies to verify the equal 
protein loading. Image digitizing and quantitative analysis of GR:HDAC-1 normalized expression were performed by the Odyssey v1.2 software. (C) 
Primary leukemia cells from four different T-ALL patients at acute stage of disease were treated with solvent (Control), Dex and CpdA for 48 h, and the 
growth was estimated by cell counting. (A–C) *Statistically significant differences (p < 0.05)—between Dex (or CpdA)—and solvent-treated cells. Note: 
(1) Effect of both GR ligands CpdA and Dex on transformed lymphoma cells growth depends on GR; (2) CpdA and Dex induced comparable cytoxic 
effect in primary T-ALL patient cells.
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exogenous GR in MM.1R cells, they gained sensitivity to apop-
tosis (Fig. 7) and growth inhibition (data not shown) induced by 
both GR ligands. Importantly, via comparison of sensitivity of 
multiple myeloma cells with different GR status to BZ cytotoxic 
effects, we confirmed one of our important observations that 
BZ’s anticancer effect depends on GR, which suggests that GR is 
a novel molecular target for proteasome inhibitors in cancer cells.

The results of NFkB and AP-1 luciferase assays showed that 
both CpdA and BZ in single treatments inhibited activity of 
those transcription factors (Fig. 5B). The effects of BZ were rela-
tively weak, as we used BZ at low doses. The combined treat-
ment with CpdA+BZ further inhibited NFkB and AP-1. This 
was especially pronounced in CEM cells, where CpdA and BZ 
strongly cooperated to block NFkB and AP-1 activity (Fig. 5B). 
The same trend was observed in NCEB cells, even though the 
difference between CpdA+BZ vs. CpdA only was not statistically 
significant (Fig. 5B). Importantly, the parallel experiments with 
shGR-expressing CEM and NCEB cells revealed that inhibitory 
effect of CpdA+BZ on NFkB and AP-1 activity significantly 
depended on GR.

Overall, these findings suggest that BZ exerts potentiat-
ing effects on CpdA-mediated GR transrepression, and that 
BZ+CpdA does not efficiently induce GR transactivation.

Cooperative anticancer effect of proteasome-inhibitor 
Bortezomib and CpdA in transformed lymphoid cells. To 
test our major hypothesis that BZ increases anticancer activity 
of CpdA via GR accumulation, we treated CEM and NCEB 
cells with CpdA and BZ at low, minimally toxic concentrations 
(1–3 μM as shown in Figs. S2 and 3) for 24–48 h. We observed 
remarkable cooperation between CpdA and BZ in induction 
of anticancer effects (Fig. 6). In both NCEB and CEM cells, 
growth inhibition by CpdA+BZ combination far exceeded that 
caused by CpdA or BZ in single treatments (Fig. 6A), and led to 
80–90% inhibition of NCEB and CEM cell growth. The cyto-
toxic effect of all treatments, CpdA, BZ and CpdA+BZ, strongly 
depended on GR (Fig. 6A).

Using FACS analysis, we confirmed cooperation between 
CpdA and BZ in CEM and NCEB cells as assessed by (1) inhibi-
tion of proliferation defined by the number of cells in S phase, 
and (2) apoptosis evaluated as the increase in sub-G

1
-phase cell 

population (Fig. 6C and D). For example, CpdA+BZ treatment 
resulted in a 42% increase of apoptotic cell numbers in CEM 
cells, while individual application of these compounds gave rise 
to 4% and 27% cells in sub-G

1
-phase, accordingly (Fig. 6C). 

These findings were further supported by the results of PARP 
cleavage evaluated by western blotting (Fig. 6B).

As multiple myeloma (MM) represents a terminal stage of 
B cell differentiation, we investigated anti-lymphoma effect of 
CpdA in combination with BZ in multiple myeloma MM.1S 
(GR-positive, sensitive to glucocorticoids) and MM.1R (GR 
negative, resistant to glucocorticoids) cell lines. These MM.1 
cell lines were established from myeloma patients who failed 
chemotherapy.2 MM.1 cell lines were extensively characterized 
and are widely used for the pre-clinical studies.2 We established 
MM.1R-GR cell line stably infected with GR-expressing len-
tivirus to further address GR-dependence of CpdA anticancer 
effects (Fig. 7).

As MM cells are very sensitive to glucocorticoids and BZ, we 
modified the treatment protocol and used lower doses of both 
compounds (up to 10-10 M). As shown in Figure 1, MM.1R cells 
were resistant to both glucocorticoid fluocinolone acetonide (FA) 
and GR modulator CpdA tested at a wide range of concentrations 
in growth inhibition and apoptosis assays. After we expressed 

Figure 3. CpdA does not affect GR transactivation but induces GR 
transrepression in transformed lymphoid cells. CEM and NCEB cells 
stably infected with lentiviruses expressing luciferase reporters GRE.Luc 
(A), NFkB.Luc or AP1.Luc cells (B) were incubated for 8 h with solvent 
(Control), Dex or CpdA. Luciferase activity was determined as described 
in “Materials and Methods.” Statistically significant difference (*p < 0.05; 
** p < 0.01) between Dex (or CpdA)- and solvent-treated cells.
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Discussion

There is a continuous interest in the development of new selec-
tive GR activators, SEGRA, that preserve therapeutic potential 
of classical steroids yet have reduced adverse effects. From the 
molecular point of view, “dissociated” GR modulators that do 
not support GR dimerization, but activate GR transrepression 
via tethering of monomeric GR to other transcription factors 
and should have improved effect/side effect ratio (therapeutic 
index).39 This molecular concept is strongly supported by the 
results obtained in GRdim-knocking mice with normal GR tran-
srepression, but severely impaired GR dimerization and transac-
tivation. These animals expressing the GR dimerization mutant 
appeared to be very sensitive to anti-inflammatory, but not to the 
side effects of glucocorticoids.19

CpdA represents a remarkable example of such “dissociated” 
GR ligand. The unique ligand properties of CpdA are largely 
attributed to its inability to induce GR dimerization.20 Other 
mechanisms that add to CpdA “dissociated” profile include 
recruitment of cofactors such as NCoR or SMRT that inhibit 
GR-dependent transcription, and extensive export of GR bound 
to CpdA from the nucleus, resulting in the decreased amount of 
nuclear GR necessary for transactivation.18,20,40 These changes in 
GR functions elicited by CpdA probably reflect the conforma-
tional changes in GR molecule compared with GR activated by 
steroids; yet the structure of GR ligand-binding domain bound 
to CpdA remains to be resolved.

Traditionally, the focus in the search for novel dissociated 
GR ligands has been on compounds for the treatment of chronic 
inflammatory diseases.15,41 The anticancer effect of SEGRA has 
not been well-investigated. In this work, we (1) tested the anti-
lymphoma potential of CpdA, and (2) corroborated our hypoth-
esis that proteasome inhibitors enhance CpdA ligand properties 
and anticancer activity.

Overall, our results obtained in lymphoid malignant cells fur-
ther confirmed the unique CpdA capability to shift GR activity 
toward transrepression (Figs. 3 and 4). We also found that CpdA 
strongly inhibited both growth and viability of CEM, NCEB 
and MM1.S transformed cells in a GR-dependent manner. 
Importantly, lymphoma cell lines and primary ALL cell cultures 
appeared equally sensitive to anticancer effects of CpdA and glu-
cocorticoids Dex and FA (Figs. 2 and 7).

This is an unexpected finding, as CpdA usually exerts biologi-
cal effects at higher doses than glucocorticoids both in vitro and 
in vivo.17,18,42 Moreover, the similar potential of CpdA and Dex to 
inhibit growth and apoptosis highlights the important role of GR 
transrepression in anti-lymphoma effects of GR ligands.

As discussed above, CpdA has fewer side effects in vivo 
compared with glucocorticoids.19,21-23 CpdA is also less likely to 
induce therapy resistance, as cell exposure to CpdA does not lead 
to homologous GR downregulation (Fig. 4). It is possible that the 
altered pattern of GR phosphorylation induced by CpdA com-
pared with classical glucocorticoids does not initiate ubiquitina-
tion and typical proteasome degradation of receptor. CpdA also 
does not activate FKBP51 (Fig. 4), the direct GR target gene43 
involved in feedback control of GR signaling via retention of GR 

Finally, using MM.1S and MM.1R cells, we confirmed 
GR-dependent cooperation between anticancer effects of BZ 
and CpdA (Fig. 7). Overall, our observations made in multiple 
myeloma cell models strongly support findings in lymphoma 
cells.

Figure 4. CpdA does not induce cell desensitization. Cells were treated 
with solvent (control), Dex and CpdA for 24 h. The expression of GR and 
FKBP51 was analyzed by western blotting of whole cell protein extracts 
(A), and by SQ-RT-PCR (B). To verify equal loading and adequate transfer 
in western blot analysis, the membranes were probed with anti-actin 
antibodies. Amounts of PCR-products were normalized to the amount 
of GAPDH PCR-product.
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in the cytoplasm. Interestingly, high level of FKBP51 is associ-
ated with glucocorticoid resistance in patients with brain and 
prostate cancer, melanomas and lymphomas.44,45

We hypothesized that proteasome inhibitor BZ induces GR 
accumulation, augments CpdA effects as a selective GR modula-
tor and consequently maximizes CpdA anticancer activity. This 
hypothesis is based on the previous findings that 26S proteasome 
inhibitors stabilize GR in the presence and in the absence of 
glucocorticoids.26,37,46,47

Definitely, BZ treatment increased GR protein levels in 
T- and B-lymphoid cells; however, the significant part of accu-
mulated GR after BZ treatment remained inactive (Fig. 5). We 
assumed that in such a case, the ligand would ultimately define 
GR functional profile. Indeed, when combined with BZ, CpdA 
only weakly induced GR transactivation, but strongly augmented 
transrepression assessed by inhibition of NFkB and AP-1 (Fig. 5A, 
B). Interestingly, even though there are other known molecular 
mechanisms of NFkB blockage by proteasome inhibitors, includ-
ing stabilization of its inhibitor IkBalpha,4 the effect of BZ+/- 
CpdA on NFkB activity in lymphoid cells was at least partially 
GR-dependent (Fig. 5). It was reported previously that in some 
cells, proteasome inhibitors could activate AP-1 via decreased 
turnover of its subunits, the proteins from Jun/Fos families.50 In 
our experiments, BZ at low sub-toxic doses inhibited activity of 
AP-1 (Fig. 5). We observed strong GR-dependent cooperation 
between CpdA and BZ in inhibition of AP-1 and NFkB (Fig. 5). 
Overall, our results strongly, even though indirectly, suggest that 
BZ may induce accumulation of significant amounts of mono-
meric GR whose function is defined by the ligand.

Although the ability of proteasome inhibitors to modulate 
GR activity is known, the role of GR in the proteasome-induced 
apoptosis has never been considered. The comparison of BZ cyto-
toxic effects in syngenic lymphoid cells, with and without GR, 
revealed that GR is critically important for BZ anticancer activ-
ity. These results are in agreement with our recent findings in 
prostate carcinoma cells25 and allow us to establish GR as a novel 
molecular target of proteasome inhibitors in cancer cells.

In this work, we also demonstrated the remarkable coopera-
tion between CpdA and BZ in their anticancer effects assessed by 
different growth and apoptosis tests (Figs. 6 and 7). These data 
are especially compelling in the case of multiple myeloma, sug-
gesting the potential for both CpdA and BZ dose reduction when 
they are used in combination. The latter is important, because in 
vivo, as stand-alone agents, both are effective at high, maximally 
tolerated doses (MTD), and in the clinic BZ doses also approach 
MTD, with multiple adverse effects.3,21,23

The endoplasmic reticulum (ER) stress as a part of more gen-
eral proteotoxic stress is induced in cells by accumulation of un- 
or misfolded proteins.49,50 Protracted lethal ER stress is one of the 
major molecular mechanisms underlying the anticancer effects 
of proteasome inhibitors, and there is an extensive search for the 
approaches/compounds to further sensitize cancer cells to ER 
stress induced by proteasome inhibitors.51,52 In our recent work, 
we showed that CpdA enhanced ER stress induced by BZ.25 The 
involvement of ER stress in cooperation between BZ and CpdA 
in lymphoma cells remains to be investigated.

Figure 5. Bortezomib induced GR accumulation, and enhanced CpdA 
properties as “dissociated” GR ligand. CEM and NCEB cells stably 
infected with lentiviruses expressing luciferase reporters: GRE.Luc 
(A), NFkB.Luc or AP1.Luc cells (B) were incubated for 8 h with solvent 
(control), Bortezomib (BZ), CpdA or BZ + CpdA. Luciferase activity was 
determined as described in “Materials and Methods.” Statistically sig-
nificant difference (*p < 0.05; ** p < 0.01) between treated- and control 
cells; # statistically significant difference (p < 0.05) between CpdA and 
BZ+CpdA. (C). Cells were incubated for 8 h with BZ or solvent (Control), 
and GR expression was determined by western blot analysis of whole 
CEM and NCEB cell extracts. To verify equal loading and adequate trans-
fer, the membranes were probed with anti-actin antibodies.
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Materials and Methods

Reagents. 2-(4-acetoxyphenyl)-2-chloro-N-methyl-ethylam-
monium chloride (CpdA) was synthesized from (±) Synephrine 
and acetyl chloride in glacial acetic acid, as described before.53 
Synthetic glucocorticoids dexamethasone (Dex) and fluocinolone 
acetonide (FA) were obtained from Sigma-Aldric, Bortezomib 
(BZ) was from Millenium Pharmaceuticals.

Cell cultures and treatments. CEM T-cell acute lymphoblas-
tic leukemia (kind gift from Dr. Posypanova, Moscow Research 
Institute of Medical Ecology), K562 chronic myeloblastic leu-
kemia cells and NCEB mantle cell lymphoma cells (ATCC), 
Granta and Jeko mantle cell lymphoma cells (kind gift from Dr. 
S. Bernstein, University of Rochester) and multiple myeloma 

In conclusion, CpdA represents first GR modulator, which 
abrogates GR dimerization. Results presented here along with 
literature data indicate that CpdA has a unique and very ben-
eficial pharmacological profile: it retains the therapeutic anti-
inflammatory and anticancer potential of glucocorticoids, but 
induces fewer side effects and will less likely induce patient 
resistance to the treatments. This makes CpdA a very attrac-
tive candidate for further investigations of future therapeutic 
applications in hematological oncology. We also demonstrated 
here that pretreatment with proteasome inhibitors, followed by 
selective GR modulators like CpdA, could release the anticancer 
GR signaling at its maximal potential. This approach establishes 
a novel strategy for GR-targeted chemotherapy of hematologic 
malignancies.

Figure 6. Cooperative anticancer effect of proteasome inhibitor Bortezomib and CpdA in transformed lymphoid cells. CEM-shEV, CEM-shGR, NCEB-
shEV and NCEB-shGR cells were incubated with solvent, CpdA, BZ or CpdA/BZ for 48 h. (A) Cell growth was evaluated by cell counting. (B and C) Apop-
tosis in CEM and NCEB cells was analyzed by western blot analysis of PARP cleavage (B) and by flow cytometry using propidium iodide staining (C). The 
number of apoptotic cells was calculated as percentage to all cells in sample (C and D). Number of cells in S-phase was determined by flow cytometry 
using propidium iodide staining. Statistically significant difference (*p < 0.05; ** p < 0.01) between treated and control cells; #, statistically significant 
difference (p < 0.05) between CpdA and BZ+CpdA.
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pGIPZ-encoding shRNA against GR or empty vector as control 
(Open Biosystems); AP1-Luc, NFkB.Luc, GRE.Luc-encoding 
Firefly Luciferase reporters or Firefly Luciferase under mini-
mal CMV promoter as control (System Biosciences). PL6-V5/
TOPO-encoding GR (Invitrogen) was generated as described 
previously.11 Lymphoma cell lines stably infected with len-
tiviruses were selected using 6 ug/ul blasticidin or 5 ug/ul 
puromicin.

Luciferase assay. Cells stably expressing Firefly Luciferase 
under NFkB, AP-1 or GRE promoters, were treated for 8 h with 
CpdA, Dex, Bortezomib or appropriate vehicle (0.01% DMSO 
and/or 0.01% ethanol). Luciferase activity was measured using 
commercial Luciferase Assay (Promega, Corp.) and Luminometer 
TD 20/20 (Turner Design Instruments). Cells stably expressing 

MM.1R (glucocorticoid resistant) and MM.1S (glucocorticoid 
sensitive) cells (established by S. Rosen2) were cultured in RPMI-
1640 (Life Technologies) with 10% FBS (HyClone), sodium 
piruvate (10 mM), HEPES (10 mM) and antibiotics (Gibco 
BRL Life Technologies). Peripheral blood samples were collected 
from 1–10-y-old pediatric patients with newly diagnosed T-ALL 
in acute phase of disease at Blokhin Cancer Research Center. 
The ethical Committee of the Blokhin Cancer Research Center 
approved this study, and parents or guardians of the patients pro-
vided written informed consent. Leukemic cells were isolated by 
1.077 g/ml Ficoll-Isopaque density-gradient centrifugation and 
cultured in the complete medium.

Lentiviral technology. Lentiviral stocks were generated 
using lentiviral expression vectors as described previously:11,54 

Figure 7. Cooperative GR-dependent anticancer effect of proteasome-inhibitor Bortezomib and CpdA in multiple myeloma cells. (A) Expression of 
GR in MM cells. MM1.S, MM1.R and MM.1R-GR cells stably infected with GR-expressing lentivirus was determined by western blot analysis of whole-
cell lysates. (B and C) GR-dependent cytotoxic effect of GR ligands FA and CpdA in MM cells. MM1.S and MM1.R, were treated with solvent (control), 
FA or CpdA for 72 h, and the effect on apoptosis (B) was determined by western blot analysis of PARP cleavage after 36 h of treatment. The effect on 
cell growth (B) was estimated by cell counting. (D) MM.1S cells are more sensitive to cytotoxic effect of BZ than MM.1R cells. MM cells with different 
GR status were treated with BZ for 72 h, and the number of cells/well was counted. (E) Cooperative anti-MM effect of CpdA and BZ depends on GR. 
MM.1R and MM.1S cells were incubated with solvent, CpdA, BZ or CpdA/BZ for 72 h. Cell growth was evaluated by cell counting. Apoptosis in MM cells 
was analyzed by western blot analysis of PARP cleavage. Note: MM.1R cells are resistant and MM.1S and MM.1R-GR cells are sensitive to cytotoxic and 
cytostatic effect of CpdA and FA.
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