Chapter 14
Glucocorticoids and Cancer

Miles A. Pufall

Abstract Unlike other steroid hormone receptors, the glucocorticoid receptor (GR)
is not considered an oncogene. In breast cancer, the estrogen receptor (ER) drives
cell growth, proliferation, and metastasis, and the androgen receptor (AR) plays a
similar role in prostate cancer. Accordingly, treatment of these diseases has focused
on blocking steroid hormone receptor function. In contrast, glucocorticoids (GCs)
work through GR to arrest growth and induce apoptosis in lymphoid tissue.
Glucocorticoids are amazingly effective in this role, and have been deployed as the
cornerstone of lymphoid cancer treatment for decades. Unfortunately, not all patients
respond to GCs and dosage is restricted by immediate and long term side effects. In
this chapter we review the treatment protocols that employ glucocorticoids as a cura-
tive agent, elaborate on what is known about their mechanism of action in these
cancers, and also summarize the palliative uses of glucocorticoids for other cancers.
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Glucocorticoids in Cancer

Unlike other highly related nuclear hormone receptors, the glucocorticoid receptor
(GR) is not considered an oncogene. In breast cancer, the estrogen receptor (ER)
drives cell growth, proliferation and metastasis. The androgen receptor (AR) plays
a similar role in prostate cancer. Accordingly, treatment of these diseases has
focused on blocking estrogen or testosterone production, or directly blocking
steroid binding to their respective receptors. In contrast, glucocorticoids (GCs)
work through GR to perform a variety of functions, including arresting growth or
inducing apoptosis in lymphocytes. Glucocorticoids are so effective in this role that
they are the cornerstone of treatment for all lymphatic cancers, though often
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hampered by a panoply of off-target consequences. In this chapter, we will review
the treatment protocols that employ glucocorticoids as a curative agent, elaborate on
what is known about the mechanism of how they function in those cancers, and also
summarize the palliative uses of glucocorticoids in treatment of a variety of can-
cers, and the implications of that use.

Lymphoid Cancers

Glucocorticoids in Childhood Leukemia

Much of what is known about glucocorticoids as a chemotherapeutic, and indeed
many other cytotoxic agents, was learned from treatment of childhood leukemia. The
predominant role of glucocorticoids in cancer is in the treatment of lymphoid malig-
nancies. Building on an observation that there is an inverse relationship between the
size of the adrenal cortex and thymus [1], Dougherty and White demonstrated that
administration of ACTH reduced the size of most lymphoid tissue (excluding the
spleen) [2]. Around the same time, cells from a tumor of unknown origin, later
described to be “lymphosarcoma,” were injected into mice and were found to form
tumors. These tumors did not spontaneously regress, but instead shrunk when exposed
to Compound E, otherwise known as cortisone [3]. A similar effect was observed in
rats [4]. The increased catabolism observed at the time was thought to be responsible
for the consumption of the tumor. These findings were rapidly moved to the clinic
where is was reported in 1949 that either ACTH or cortisone acetate dramatically
reduced the size of lymphoid tumors or leukemias, but not other carcinomas [5].
Emboldened by these findings, much larger studies were undertaken to explore the
effect of cortisone and ACTH on hematological disorders. Patients were recruited
with lymphoid malignancies, including CLL, lymphoma, Hodgkin’s, acute lympho-
blastic leukemia, and multiple myeloma (plasma cell myeloma), as well as the myeloid
derived AML and CML. Beneficial effects were observed specifically in lymphoid,
but not myeloid disease, ranging from symptomatic relief (multiple myeloma) to
complete, but femporary remission in childhood ALL [6]. Despite the effectiveness of
GCs in reducing lymphoid disease, as single agents they did not produce durable remis-
sions, much less a cures.

Combination Therapy: Glucocorticoids Have a Central Role

Arround the same time, in the early 1950s, other agents were being tested for their
anti-tumorigenic properties. Folic acid had been shown to increase the growth of
lymphoid tumors, likely by upregulating amino acid and purine biosynthetic path-
ways. Much as with GCs blocking these pathways with anti-folates, such as the
early aminopterin and later methotrexate, produced, a dramatic, but temporary
remission in lymphoid malignancies. A dark, but serendipitous, observation brought
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another agent to the fore. Exposure to mustard gases in World War I was shown to
deplete bone marrow and lymph nodes. The alkylating properties of these gasses
were developed into drugs, such as cyclophosphamide, that proved to be potent
anti-tumor agents in rodent models and later in human trials. Inhibition of nucleo-
tide synthesis was effective as well, with 6-mercaptopurine showing promise both
in acute leukemias and other cancers [7]. Interestingly, although each of these
classes of drugs was shown to reduce or even clear the cancerous disease, none of
the remissions proved durable.

Three treatment breakthroughs came in the early 1960s. First, vinca alkaloids
(later vincristine), isolated from plants, were found to disrupt microtubules and have
potent anti-tumorogenic properties [7]. Next, it was discovered that leukemic blasts
are unable to make their own asparagine, and thus needed to absorb it from their
medium to survive. To exploit this, a component of guinea pig serum, l-asparaginase,
was isolated that converts free asparagine to aspartic acid, effectively starving the
cells [8]. Perhaps most importantly, in the early 1960s intrepid cancer physicians
took the radical step of administering agents in combination. The first successful
protocol, called VAMP (vincristine, amethopterin, 6-mercaptopurine, and predni-
sone), improved. The 5 year survival of children with leukemia from 25 % with
single agents to over 60 % [7].

For childhood leukemia, these basic components have evolved over the years to
today’s treatment, which is administered in three phases: remission induction, inten-
sification (consolidation), and maintenance. Glucocorticoids can be administered
during all three phases, but are used most intensely during remission induction, with
the goal of eliminating greater than 99 % of the disease tissue (minimum residual
disease, MRD) [9]. During this phase a glucocorticoids are administered with vin-
cristine and asparaginase and are 98 % effective in inducing remission in childhood
B-cell leukemias. In intensification, mercaptopurine is combined with polyethylene
glycol conjugated asparaginase (pegasparaginase), and methotrexate. Intensification
may also include cyclophosphamide or cytarabine (araC) or cycles of reinduction,
using the same agents described above. GCs may again be administered during
maintenance therapy, though at a lower dose, and less frequently [9]. These advances
in treatment have led to cure rates approaching 90 % in children with both B and
T-cell acute lymphoblastic leukemia, making it one of the most treatable cancers.
In addition, the success of these trials have informed the treatment of other lymphoid
cancers, discussed below.

GC Response Predicts Treatment Response

Though only effective as a curative agent in combination, GCs are central to the
effectiveness of treatment. This has been best elucidated in European studies from
the Berlin-Frankfurt-Muenster (BFM) group, who have developed treatment proto-
cols in parallel with those in the US. This consortium showed that the initial response
of infants and children with leukemia to prednisone alone was the best predictor of
eventual outcome to full treatment [10, 11]. Importantly, other groups showed that
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patient response to prednisone, and overall response, could also be predicted by
treatment of leukemic blasts ex vivo with GCs [12, 13]. This suggested that the func-
tion of GCs in inducing leukemic blast cell death was not necessarily dependent on
the environment, but the cell autonomous program initiated by the drug.

The importance of GCs in treatment of leukemias is perhaps best highlighted by
comparisons of patient response to dexamethasone and prednisone. Dex and pred are
both derivatives of cortisol, with dex differing by addition of a fluorine at the 9a and a
methyl at C16. These two differences make dex more specific for GR, with little to no
MR activity, and about 10—16x more potent according to established indices [14].
In clinical trials, substituting dex for pred in high risk ALL patients improves outcome
by over 10 % (81-94 % overall survival) (COG AALL0232), despite each inducing
indistinguishable MRD after induction. This indicates that response to GCs in not
only predictive of eventual outcome, but is a major determinant of outcome.

Side and Late Effects

Unfortunately, despite the clear benefits of using high-dose potent GCs in disease
treatment, the side effects and potential late effects limit what can be administered.
Although dex is much more effective than pred in children, it is only well-tolerated
in children under ten. For children over ten, and adults, dex is significantly more
likely to cause avascular necrosis (AVN), psychiatric issues, muscle wasting, and
mortality [14, 15]. The late effects, or effects that arise years after cessation of treat-
ment, are also a concern. The muscle wasting, osteoporosis and metabolic effects of
GCs can persist after treatment ends, and the eventual neuro-psychiatric effects are
of concern. More recently it has been shown that pulsing dex during maintenance
can produce the same outcomes with more acceptable side effects. Nonetheless,
physicians are currently challenged with the choice of which GC to use, what dose,
and for how long. A more complete understanding of how GCs function in leukemic
blasts and other tissues will help inform these choices.

Mechanism of Action

The biological function of GCs in hematopoietic cells and why they induce cell
death of lymphoid cells is not clear. However, seminal work performed by John
Ashwell at the NIH indicates that glucocorticoids serve as a negative signal in lym-
phoid development. By knocking out GR in developing thymocytes he showed that
the mice were immunocompromised due to a reduction in T cell repertoire. He
further showed that intact glucocorticoid signaling was important for proper T cell
selection, perhaps pointing to a role for endogenous GCs in developing lympho-
cytes [16]. More recently, experiments in mice indicate that GCs may have a similar
role in B cells [17].

Although non-genomic effects of GR have been proposed, cell death appears to
require GC-induced gene regulation. General blocks of transcription or translation
by actinomycin D and cycloheximide, respectively, block GC-induced cell death
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[18]. In addition, a mutation that weakens DNA-induced GR dimerization and
blunts activation also impairs GC-induced cell death. Further, the effect of GCs
appears to proceed in two steps; an initial growth arrest that lasts about 24 h, and
subsequent cell death. Continuous administration of GCs is required through arrest
to induce cell death, which takes 2-3 days more [19]. The most frequently reported
mechanism of cell death is apoptosis, though cases of necrosis [20] and necroptosis
[21] have also been reported.

The GR-regulated genes that are required to induce apoptosis have not been well
defined, but studies on both patient samples and cell lines have lent some insight.
The clearest role is in driving apoptosis genes. Activation of GR has been shown to
tip the balance of the BH3 domain containing Bcl2 family of apoptotic factors
towards apoptosis through activation of pro-apoptotic BIM (BCL2L11), and down
regulation of the anti-apoptotic BCL2 [22, 23]. Less directly, GCs consistently
upregulate thioredoxin interacting protein (TXNIP), which results in accumulation
of reactive oxygen species and apoptosis [24]. Part of the initial growth arrest likely
involves regulation of cell-survival genes, such as repression of pro-growth c-MYC
and Hexokinase II, and cell cycle genes [19]. Although blocking these pathways
does not necessarily block GC induced apoptosis, they may contribute eventually to
cell death [25]. There is some evidence that by inhibiting NFkB and growth signal-
ing pathways (e.g. ERK, MEK) GR can arrest cells and induce cell death, though a
clear direct mechanism has not been elaborated [24, 26]. In addition, there is now
also evidence that GR suppresses miRNA expression, and that repression of miR-
17-92 correlates with apoptosis. Thus, although GCs can alter apoptotic and cell
survival pathways it is not clear how prevalent either mechanism is in inducing cell
death, or whether these pathways are directly regulated by GR.

Glucocorticoid Resistance

Misregulation of apoptotic factors have been implicated in resistance. For exam-
ple, resistant ALL patients exhibit higher expression levels of the anti-apoptotic
genes BCL2 and MCLI [25, 27, 28], which likely blunt the apoptotic signal affected
by GCs. Overexpression of MCLI has been linked to activation of mTor signaling,
and can be alleviated by inhibition of this pathway with rapamycin. On the other
side of the coin, activation of Akt stimulates the mTor pathway (as well as perhaps
inhibiting GR directly, see below) and makes cells resistant [28]. It has also been
observed that a failure of GCs to activate the pro-apoptotic BIM contributes to
resistance [29]. Thus, in cells where the balance of Bcl2 family members cannot be
sufficiently biased toward pro-apoptosis, GC-induced cell death is likely to be
impaired.

In addition to apoptosis, pathway analysis of resistant samples compared to
sensitive ones has implicated repression of cell cycle genes [30], and increased
carbohydrate consumption through overexpression of associated genes, including
carbonic anhydrase 4 (CA4), glucose transporter 3 (GLUT3/SLC2A3), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [27, 31, 32].
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More general changes in transcription have been also been linked to GC resistance.
For example, ALLs that have translocations in the MLL gene are more likely to not
respond to treatment [33]. MLL encodes a histone methyl transferase that methyl-
ates lysine 4 of histone H3 and is a mark of active enhancers including response
elements and active genes [34, 35]. Translocations that impair the methyltransferase
activity of MLL show widespread changes in the chromatin state that are thought to
reprogram, and generally downregulate gene expression [36]. In addition, muta-
tional analysis of diagnostic and relapsed patients shows a significant enrichment
for transcription factor mutations over other gene sets, again implicating transcrip-
tional defects [37].

More recently, alterations in GR regulation have been implicated in resistance.
Phosphorylation of S134 of GR was shown in to be associated with GC resistance in a
T-ALL line (CEM). In a heterologous cell system, AKT phosphorylation of GR at this
site appeared to impair translocation, providing a mechanism of resistance [38]. This
finding, however, is at odds with another study showing that phosphorylation of S134
is able to translocate to the nucleus, but alters gene expression [39]. In other studies, a
failure to increase GR levels through a positive feedback loop has been shown to impair
GC induced apoptosis, though how this feedback is disrupted has not been established
[40, 41]. Lastly, not all GR isoforms have the ability to induce apoptosis, suggesting
that mechanisms that regulate isoform selection may play a role [42].

Adult Acute Lymphoblastic Leukemia

The treatment for adult ALL is modeled on the treatments that are so successful in
children. Unfortunately, response rates in adults are significantly worse, with an
80-90 % initial response rate, but only 25-50 % disease free survival after 5 years.
Why the response of adults is so much worse is not clear, but has been attributed to
two factors. The first is that significantly more mutations accumulate in adult ALL
blasts, though few have been directly attributable to treatment response. The second
is that adults are not able to tolerate the treatment regimens as well as children. For
example, with similar dosing of vincristine, daunorubicin, and dexamethasone dur-
ing induction, treatment related death is almost 10 % in adults compared to ~1 % in
children. To avoid some of these side effects, dex is given in pulses, rather than
continuously during induction [43]. Because response rates are worse, bone marrow
transplants are often the best route to a durable remission.

Intensification (consolidation) and maintenance are also similar to the children’s
protocol. Typical consolidation includes methotrexate, cytarabine, cyclophos-
phamide, and asparaginase. Clinical trials using hyper CVAD (cyclophosphamide,
vincristine, doxorubicin, and dex) have shown somewhat better responses [44].
Maintenance therapy consists of 6-mecaptopurine and methotrexate with monthly
pulses of vincristine and prednisone.
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Treatment of T-ALLs are similar [43], except for cases with mutation in the
NOTCH pathway. Notch is a cell surface receptor, whose intracellular domain is
liberated by cleavage with y-secretase upon ligand binding. This domain translo-
cates to the nucleus and acts as a coactivator of transcription. Activating mutations
in NOTCH are found in ~50 % of T cell ALLs and correlate with GC resistance.
Administration of y-secretase inhibitors reverses this resistance, but causes gut tox-
icity. Fortunately, GCs protect against gut toxicity [45], allowing inhibitors to be
used in clinical trials (NCT01088763).

Multiple Myeloma

Multiple Myeloma is the clonal expansion of plasma cells, the mature B cells that
emerge from germinal centers. The resulting cells both overpopulate the bone marrow
and secrete excessive immunoglobulin, resulting in impaired immune function,
renal disease, and bone lesions. At this point, multiple myeloma is not curable, but
can be managed with chemotherapy. Like ALL, chemotherapeutic regimens have
dramatically improved prognosis, from months in 1950s to 7 years or more for stan-
dard risk patients today [46].

The treatment for multiple myeloma has, until recently, involved alkylating
agents and glucocorticoids almost exclusively. Like ALL, mustard gases and their
derivatives, such as malphalan, were initially used for treatment of the disease.
They also induced remission, but at a lower rate (about 1/3 response), and also
quickly relapsed. Prednisone also exhibited initial effectiveness, with an average
complete response rate of 44 %. In 1969 these two agents were combined to pro-
duce a much more robust response rate of 60 %. Unlike ALL, however, these treat-
ments did not fully cure the disease, but improved survival. In the early 1970s,
multiple alkylating agents (carmustine, cyclophosphamide, and melphalan) were
combined with GCs and vincristine to increase initial response rates, though sur-
vival was not improved. Subsequently, dex was combined with doxorubicin and
vincristine under the VAD protocol, which was used for years as the main treat-
ment [46]. While these formulations were being used in the clinic, researchers
were exploring the use of thalidomide, the teratogenic treatment for nausea and
morning sickness used in the early 1960s. In 1990s, thalidomide was shown to
have anti-angiogenic properties, including specific action on multiple myeloma.
Combination of thalidomide and its derivatives with GCs and cyclophosphamide
proved effective in treatment of relapsed multiple myeloma and was installed as
the main treatment for most patients [47].

Proteasome inhibitors have also emerged as having activity in myeloma and syn-
ergy with GCs [48]. Combination therapy of bortezomib with GCs began in 2003,
with other proteasome inhibitors being developed since then that have proven effec-
tive both in initial and relapse treatment. These include carfilzomib, which target
different proteolytic activities within the proteasome.
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Mechanism

Although less is known about how GCs induce cell death in multiple myeloma, there
are some clear parallels with their mechanism of action in ALL. First, they modulate
the expression of Bcl2 family members, tipping the balance to apoptotis. Second,
GC:s also inhibit proliferation by suppressing c-MYC. Lastly, it has been shown that
GCs also affect the redox balance of multiple myeloma cells, which makes them
more susceptible to cell death. GC activation of the transcription factor GilZ has also
been implicated in apoptosis. GilZ is regulated by GR in all known tissues, but, in
contrast to other tissues, induces apoptosis in multiple myeloma [49].

Resistance to GCs show similarities, but also some differences. Like ALL, acti-
vation of Akt attenuates the cytotoxic effects of GCs. However, in multiple myeloma
the disease microenvironment shows a clear effect. Secretion of IL6 by either the
disease itself or the supporting tissue severely impairs the response of multiple
myeloma to GCs and treatment in general, and appears to work though NFxB [50].
Like ALL, unfortunately, not enough is known about the GC-induced program of
cell death to account for how resistance arises in most cases.

Hodgkin’s Disease

Hodgkin’s disease occurs within lymph nodes as the clonal expansion of mature
B cells. The disease is characterized by starting in one node then spreading systemi-
cally. First described in 1832, it was initially treated with radiation. Response was
poor, and the treatment was stopped in 1920s. Many of the agents that worked in
ALL were tried for Hodgkin’s disease, including alkylating agents such as chloram-
bucil and cyclophosphamide, vincristine, and glucocorticoids. ACTH and cortisone
used as single agents were found to induce remarkable, but temporary remission. It
was not until 1967 that an effective combination therapy was formulated. The
MOPP protocol included a mustard alkylator, vincristine (oncovin), procarbazine
(another alkylator), and prednisone and achieved a 50 % cure rate. When combined
with involved field radiation, MOPP produced even better results, with response
rates as high as 70 % [43]. The MOPP protocol was unfortunately associated with a
number of late effects, including nerve damage, infertility, and secondary malignan-
cies such as acute leukemia. A better tolerated alternative called ABVD (Adriamycin,
bleomycin, vinblastine, and dacarbazine) was developed in 1970s, and by 1990s
had supplanted MOPP as more effective an better tolerated. Over the last few years,
a new protocol, once again involving GCs, was developed called BEACOPP (bleo-
mycin, etoposide, Adriamycin, cyclophosphamide, vincristine, procarbazine, and
prednisone), and has demonstrated better initial response. This response comes at a
cost. First, the BEACOPP treatment has a higher mortality rate, a higher secondary
malignancy rate, and sterility risk. Second, the rate of recovery for those who fail to
respond or relapse, called the “salvage rate” is lower. When taken into account, the
rate of initial response plus the salvage rate for ABVD and BEACOPP are not signifi-
cantly different [S1]. The relative benefits of BEACOPP vs. ABVD are the subject
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of debate as of the writing of this chapter, though it is clear that ABVD is better
tolerated by most patients.

Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia differs from ALL in that it is a disease of later stage
B cells that accumulates over time, rather than as a result of hyperproliferation. CLL
cells are refractory to apoptosis, and accumulate in the blood stream, lymph nodes,
and bone marrow. The disease becomes pathological when CLL cells crowd out the
production of other blood cells. In the early 1950s, the effect of ACTH or GCs on
CLL was tested along with several other lymphoid malignancies [52]. When tested
as a monotherapy, only ~11 % of patients had even a partial response [53]. Later,
when used as part of combination therapies such as CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisone), GCs were found to have no effect on
eventual outcome while still causing side effects, and were not included in treatment
regimens. When high dose prednisone was tested in patients in 1990s, a better initial
response was observed, but the response was not durable [53]. The most severe side
effects in these studies were opportunistic infections, and have limited the useful-
ness of GCs in CLL.

More recently monoclonal antibodies (mAbs) have become an essential agent
in treatment of CLL. The most common therapy for CLL is FCR which consists of:
an alkylating agent, such as cyclophosphamide; flutarabine, a nucleoside analog;
and rituximab, a mAb directed against the B cell specific CD20 cell surface marker.
This combination therapy has a very high initial response rate (some reports as high
as 90 %) with an overall response rate over 50 % [43]. Based on the success of
rituximab, other mAbs have been developed, including Ofatumumab (also against
CD20), and alemtuzumab (against CD52). Recently, high dose GCs have been com-
bined with mAbs in clinical trials for CLLs refractory to standard therapy. Although
overall response rates have been over 50 %, the median progression free survival is
less than a year [53].

Use of GCs in CLL is still being considered because of their role not in cell
death, but in lymphocyte redistribution. In the late 1940s and early 1950s, patients
with CLL treated with ACTH or cortisone experienced a reduction in nodal or
splenic tumor masses. Surprisingly, this was accompanied by an increase in the
circulating leukocytes, called leukocytosis. It was thought that, in addition to prob-
ably modest cell death, GCs induce a redistribution of leukocytes to the blood
stream that is reversed upon removal of GCs. This behavior mirrors the normal,
circadian redistribution of B cells. Under non-pathological conditions, when GCs
are low, B and T cell circulation is high, but when cortisol spikes in the morning,
cells home to tissue locations. Why CLL cells would leave tumors is not clear,
but GC induced expression of CXCR4 causes B and T cells to enter the bloodstream,
and eventually migrate to environments, such as the bone marrow or lymph nodes,
that express CXCR12 [54]. This window of time when lymphocytes are circulating
provides an opportunity for other agents to attack.
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Non-Hodgkin’s Lymphomas

Non-Hodgkin’s Lymphoma (NHL) is the most common hematological malignancy
diagnosed in the US. It represents a collection of over 30 subtypes of lymphoid
malignancies that are distinct, for the most part, from leukemias in that they are not
circulating. The subtypes are distinguished by their lineage, developmental stage, or
location. Despite this heterogeneity, most NHLs are treated with a similar protocol
that involves GCs [55]. Follicular, Mantle cell, diffuse large B cell lymphoma
(DLBCL), and T cell lymphomas are treated with the CHOP protocol, which com-
prises cyclophosphamide, doxorubicin (hydroxyduanomycin), vincristine
(Oncovin), and prednisone. Outcome can be improved in most B cell lymphomas
with the addition of the mAb rituximab targeted against the B-cell specific antigen
CD20 (R-CHOP). For more advanced case of DLBCL, ACVBP (doxycycline,
cyclophosphamide, vincristine, bleomycin, and prednisone) or R-CHOP with eto-
poside can be used. Higher grade, or more aggressive NHLs are can be treated with
hyperCVAD (cyclophosphamide, vincristine, doxorubicin, and dexamethasone),
which is the same combination as CHOP, but with the more potent dexamethasone
[43]. As observed in childhood ALL, the upgrade to Dex is clearly more effective,
but harbors the risk of more side effects and late effects.

Solid Tumors

Prostate

Prostate cancer afflicts about one in five men in the US, making it their second
most common cancer. The growth and proliferation of prostate cancer is driven by
androgens, which work through the androgen receptor exclusively. Accordingly, an
important part of treatment for prostate cancer is to block production of androgens,
typically through castration. Though this is effective in blocking production of
testosterone and inducing cancer regression, the cancer often returns in 2-3 years
[56]. The relapsed tumor is able to grow in the apparent absence of testosterone,
and is termed either castration resistant prostate cancer (CRPC) or Hormone
Refractory Prostate Cancer (HRPC). Small molecule inhibitors that block testos-
terone binding to the androgen receptor have been developed, and can once again
induce regression [57]. However, once resistance to these anti-androgens develops,
the treatment options for CRPC are significantly less effective. Glucocorticoids are
not used in initial therapy, but the glucocorticoid receptor has two opposing func-
tions in anti-androgen refractory CRPC.

Prostate cancer is diagnosed and staged based on biopsies of the prostate gland
and invasion to nearby tissues. Concomitant measurement of Prostate Specific
Antigen (PSA), a gene driven specifically by AR in the prostate, serves as a
marker for activity of AR in the prostate and a potential indicator of PC growth.
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Although the accuracy of PSA as an indicator of prostate cancer progression or
aggressiveness is controversial, it is nonetheless a widely accepted metric of AR
activity in the prostate [43]. After successful initial therapy, when the prostate is
either removed or regressed by androgen deprivation therapy followed by radia-
tion therapy, PSA levels drop precipitously (normal, though it can vary widely, is
~4 ng/mL in the blood) [58]. During subsequent monitoring, a PSA level doubling
time of 15 months or more is not associated with poor outcome, whereas a dou-
bling time of <3 months is an indicator of recurrent disease. Radiographic evi-
dence is more definitive. In these recurrent patients, AR activity is still observed
despite low levels (<50 ng/dL) of circulating testosterone. This behavior is
indicative of androgen independent activity of AR, hypersensitivity of AR to even
low levels of testosterone, or an AR independent mechanism [58].

The former of these two possibilities, androgen independence and hypersensitivity
to androgens, often result from overexpression of AR and are difficult to distinguish.
One common therapy for such patients is glucocorticoids either alone or combined
with other chemotherapeutics, such as paclitaxel or mitoxantrone. The effectiveness
of this therapy varies widely, with 20-79 % of patients exhibiting suppressed PSA
levels [56].

How patients derive any benefit from glucocorticoids is not clear. The adminis-
tration of GCs provides a negative feedback on the pituitary gland, suppressing
production of adrenal testosterone [59]. Though the adrenal gland is thought to be a
minor source of androgens, a decrease may nonetheless provide relief if the patient
is androgen hypersensitive. Quite separate from this mechanism, GR may act as a
tumor suppressor in PC itself. GR is highly expressed in normal prostate, but often
suppressed in PC. Studies in cell line models of PC show that GCs can suppress
pro-growth or tumorogenic pathways such as IL-6, NFkB, and MAP and ERK
kinases, as well as induce growth arrest through upregulation of TGFf, p21 and p27
[60, 61]. However, for as many examples of GR regulated genes that potentially
block PC proliferation, there are examples of the opposite, such as downregulation
of p53 or upregulation of anti-apoptotic S1I00P. A definitive mechanism for how
GCs prevent PC growth and progression awaits further study in primary tissue.

For locally advanced PC, the androgen deprivation therapy in combination with
competitive AR blockers and radiation therapy are often used. Goserelin, a
gonadotropin releasing hormone (GnRH) agonist, blocks androgen production by
interrupting the endogenous feedback loop in the pituitary gland [57]. Androgen
analogs, such as bicalutamide and flutamide, then inhibit AR function by blocking
the testosterone-binding domain without activating the receptor. Despite the success
of this therapy, resistance can emerge, and for those patients second-generation
AR competitive antagonists have been developed, including enzaludamide [58].
Two modes of resistance to these second generation inhibitors have been described:
mutation of AR and surprisingly upregulation of GR. High GR levels have been
observed in PC bone metastases of enzaludamide resistant patients. In a preclinical
model of PC in which GR is overexpressed, it was shown that GR could substitute
for AR by regulating some of the same genes, including SGK1, STK39, and the
PSA gene (KLK3). In all, about 80 % of GR regulated genes overlapped with those
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regulated by AR. Further, it was shown that GCs could induce growth of these cells
in the presence of AR antagonists, and that effect could be blocked by GR antago-
nists [62]. This recent work suggests that in cells conditioned with anti-androgens,
the highly homologous AR and GR can complement each other. The cellular factors
that allow this complementation have not been identified, but this dependence on
GR function for PC growth suggests that combination therapy with anti-glucocorti-
coids, such as RU-486, may be useful in resistant PC.

These two examples highlight the potential dangers of using GC therapy in hor-
mone dependent cancers in which the mechanism is not well understood. GCs have
a clear though modest, effect on CRPC, with a >20 % response rate. However, GCs
can also be AR-like in hormone resistant PCs. Since the cellular determinants of GC
action in these two relapsed PCs have not been determined, administering GCs may
carry substantial risk.

Kaposi Sarcoma

Kaposi’s Sarcoma is a virally induced cancer that is best known for being activated in
patients with HIV/AIDS. Although mostly disfiguring, KS can have cause serious
problems, including lymphedema, gastrointestinal blockage, and in rare cases, death.
First-line treatment includes ABV (doxorubicin, bleomycin, and vincristine) among
several formulations. These treatments manage the disease, but are not a cure.

A retrospective study concluded that the Hodgkin’s formulation of EVAD (eto-
poside, vincristine, doxorubicin and dexamethasone) (EVAD) was an effective
treatment for advanced or relapsed Kaposi’s Sarcoma, though no mechanism was
proposed [63].

Cancers Where Glucocorticoids Are Not Used
as a Curative Agent

Glucocorticoids are often administered to help patients tolerate treatment, rather
than as a chemotherapeutic that targets the cancer itself. Reflective of the biology of
glucocorticoids described elsewhere in this book, their palliative effects are diverse.
In some chemotherapeutic regimens, for example those that include cisplatin, GCs
are first-line antiemetics (see below). For others, such as folate inhibitors, they are
used to blunt hypersensitivity, which can result in severe skin rashes (see Table 1.1).
Glucocorticoids are used for their anti-inflammatory properties to relieve bone pain
other discomfort that may arise from metastatic disease and CNS compression due
to metastatic disease. Though effective for these purposes, the use of glucocorti-
coids in patients with cancer caries some risk of protecting the tumor against che-
motherapeutic agents, or even increasing proliferation rates.
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Table 1.1 Palliative uses for glucocorticoids
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Tumor type Chemotherapy regimen Glucocorticoid | Purpose Reference
Metastatic Pemetrexed (Altima), folic | Dexamethasone | Prevent skin [64]
bladder cancer | acid, vitamin B12 (4 mg) rashes
(vitamins)
Metastatic Pemetrexed (Altima) and Dexamethasone | Prevent skin [65-67]
lung cancer cisplatin or bevacizumab (4 mg) rashes
(Avastin) and vitamins
Metastatic Paclitaxel, carboplatin Dexamethsone Blunt [68]
lung cancer premedicate with: (20,8 mgifno | hypersensitivity
diphenhydramine hypersensitivity)
cimetidine, Ranitidine or
Zantac
Mesolthelioma | Cisplatin or carboplatin and | Dexamethasone | Prevent skin [69, 70]
pemetrexed (4 mg) rashes
Kaposi’s Paclitaxel premedicate with: | Dexamethsone | Blunt [71]
sarcoma diphenhydramine, (20,8 mgifno | hypersensitivity
cimetidine hypersensitivity)
Breast cancer | Ixabepilone premedicate Dexamethasone | Allergic [72-74]
with: diphenhydramine, (20 mg) reaction

Ranitidine

Use of GCs as Antiemetics

Chemotherapeutics, radiation, and surgery, all of which are important tools in the
fight against cancer, are often poorly tolerated by patients. In addition to their side
effects, they can cause severe nausea and vomiting that result in weakness, dehydra-
tion, and an unwillingness of patients to continue with therapy. The relative emetic
risk of chemotherapeutic agents have been categorized and published by American
Society of Clinical Oncology [75]. The categories range from high likelihood
(>90 %), with cisplatin being at the top of this range, to minimal likelihood (<10 %),
which includes agents such as vincristine and rituximab. The virtual universal reac-
tion of patients to cisplatin, which began being used in 1978, prompted the search
for effective anti-emetic agents [76, 77].

There are a number of agents that are used to ameliorate these effects, including:
dopaminergic blockers (e.g. metoclopramide); serotonin type 3 (5-HT;) receptor
inhibitors antagonists; NK1 receptor inhibitors (aprepitant); and low dose glucocor-
ticoids such as dexamethasone and methylprednisolone. The ASCO guidelines rec-
ommend how to administer these classes of drugs. For moderately emetogenic
treatments, a combination of dex and 5-HT is recommended. For highly emetogenic
agents, such as cisplatin, combinations of GCs, 5-HT, and NK1 inhibitors are rec-
ommended. Although the mechanism for dopaminergic blockers, 5-HT, and NK1
inhibitors are well established, how GCs work is not well understood [78].

Some mechanisms for how GCs work have been hypothesized. First, physiological
levels of GCs appear to be required for general well-being. Low levels of GC in and
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of themselves have been linked to nausea and vomiting [79]. Second, the anti-
inflammatory actions may be sufficient on some cases. Cyclooxegenase inhibitors
or ibuprofen, both of which suppress inflammation, can ameliorate the effects of
both radiation and some chemotherapeutic agents [80]. Third, GCs have been shown
to reduce 5-HT production, perhaps effectively blocking serotonin receptors in the
vagal nerve complexes that transmit the vomiting response [81]. Lastly, GCs inhibit
production of prostaglandins and substance P, both of which have been implicated
in the vomiting response [80]. Other mechanisms have been suggested as well, such
as reducing pain and direct effects on brain centers, but further research needs to be
done to uncover which GC effects are most beneficial. In addition GCs are used as
appetite stimulants in patients with cancer cachexia [82].

The Future of GCs in Cancer Treatment

GCs are still a critical component of chemotherapy for hematopoietic malignancies.
As described above, they are very effective in treatment of lymphoid malignancies,
including leukemia, lymphomas, and multiple myeloma, and much work is being
done to enhance their effect and overcome resistance. However, the use of GCs as
chemotherapeutic agents is considerably limited by their side effects, most promi-
nently osteonecrosis [14]. A good deal of effort has been invested in the develop-
ment of selective GR modulators (SGRMs, also sometime referred to as
SEGRMs)—compounds that work through GR to enhance the beneficial effect and
minimize or eliminate the side effects [83]. The prevailing model has been that GCs
exert their beneficial effects by repression of genes with side effects resulting from
gene activation [84]. Accordingly, the search for SGRMs has been focused on
development of what are known as dissociating compounds, or those that selec-
tively only allow GR to repress, but not activate genes. As more has been learned
about GR gene regulation in a variety of tissues and conditions, this model has
proven too simplistic (though it should be noted that the general trend holds). BIM
and BCL2, positive and negative regulators of apoptosis, respectively, are good
examples of how this model fails. To induce efficient apoptosis in leukemic blasts,
GCs activate BIM, but repress BCL2 [22, 85]. Thus in this tissue, both activation
and repression are beneficial. Further, both BIM and BCL2 appear to be similarly
regulated in bone, contributing to osteonecrosis [86]. Therefor, for leukemia, a
SGRM that represses but doesn’t activate would be a less effective chemotherapeutic
because BIM would not be activated. Further, even if a dissociating SGRM was
developed to preserve regulation of BIM and BCL2, it would still have severe osteo-
necrotic side effects.

The future use of SGRMs for treatment of hematopoietic malignancies thus
requires a model of GC function with tissue and gene-specific resolution. One
method is to first identify genes that are regulated by GR specifically in lymphoid
cells that contribute to cell death, but do not perform similar function in bone.
Recently, KLF13 was identified as a GR regulated gene that helps coordinate B and
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T cell development and GC-induced cell death [85]. As this gene does not yet appear
to have a function in bone, development of compounds that separate allow KLF13
regulation, but not BIM or BCL2, might allow GC-induced apoptosis in leukemic
blasts but not bone. There are other strategies currently under investigation to develop
activity and tissue specific GC function. One is to develop a deeper of understanding
of not just which genes are regulated, but how they are regulated in different tissues
to identify alternative targets that enhance specific GR functions. One key may be in
understanding which GR cofactors are used in each tissue. For examples, the GR
cofactors NCOAL, 2, and 3, are differentially expressed in tissues [87]. If one, such
as NCOAZ2, is the primary GR cofactor in bone, but not B cells, then it could be
targeted to block bone-cell death but still allow GC-induced apoptosis in leukemic
blasts. Lastly, it may be possible to develop GCs whose chemical makeup or deliv-
ery method partition uptake specifically to lymphoid cells over bone. In this way,
the drug would provide selective modulation of GR function at the tissue level, but
not at the level of gene regulation. Each of these strategies are the subject of current
research efforts.
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