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ABSTRACT OF THE THESIS

Assessment of the pro-apoptotic protein Bim in cAMP/PKA- and glucocorticoidinduced apoptosis of S49 murine lymphoma cells
by
Angela Hsuan-Hsuan Ho
Master of Science in Biology
University of California, San Diego, 2009
Professor Paul Insel, Chair
Professor Michael David, Co-Chair

Apoptosis (programmed cell death) was first described 40 years ago, and has been
the subject of active study for the past 20 years. Discovery of death stimuli, death
receptors, and downstream signals in the mechanisms for apoptosis has provided
information for the design of treatment strategies for various cancers. The cell line used
for this study, S49, is a murine lymphoma derived from immature T lymphocytes. Studies
of apoptosis in S49 lymphona cells, in particular in response to increases in
glucocorticoid and the second messenger cAMP, may serve as a basis for the design of
drugs for the treatment of lymphoma or leukemia cancer patients. The focus of efforts in
this thesis was on the protein Bim, a pro-apoptotic member of the Bcl family, which
initiates downstream signals that lead to cell death. My studies involved the use of double
transgenic rtTA/tetO-Bim S49 cell lines to conditionally express Bim with doxycycline

xi

treatment. The results show that increased expression of Bim in response to doxycycline
is sufficient to trigger S49 cell apoptosis. In addition, studies conducted with S49 cells
with plasmid insert that produces Bim short hairpin RNAs show that Bim is necessary for
cAMP/PKA- and glucocorticoid-induced apoptosis. Thus, expression of Bim appears to
be necessary and sufficient to induce apoptosis in S49 cells, and the PKA and
glucocorticoid pathways converged upstream or at the point of induction in Bim
expression. The results thus define the mechanism for the killing of S49 cells by
cAMP/PKA and glucocorticoids.

xii

INTRODUCTION
Lymphoma is a type of blood cancer that originates in lymphoid cells of the
immune system. The disease typically starts with the formation of tumors in lymph nodes.
In later stages of lymphoma, tumors can form in other parts of the body. Non-Hodgkin
lymphoma (NHL) is the fifth most common cancer in the United States. The cells used in
this study, wild-type (WT) S49 and its variants, were derived from a mouse tumor that
models immature T cell lymphoma. This thesis focuses on the upregulation of Bim, a
pro-apoptotic

protein,

and

its

role/importance

in

causing

apoptosis

through

glucocorticoid- and cAMP/PKA-induced apoptosis in WT S49 cells with a heavier focus
on cAMP/PKA.

1.1

Lymphoma
Lymphoma results when lymphocytes undergo a malignant transformation that

leads to uncontrolled growth and formation of solid tumors that enlarge lymph nodes and
may spread to other organs in the body. Lymphoma is also closely related to lymphocytic
leukemia, which involves malignant cells in circulating blood and in the bone marrow.
Since lymphoma is a disease that originates in the immune system, patients with immune
deficient diseases, such as human immunodeficiency virus (HIV) or human T-cell
lymphotropic virus (HTLV), have a higher probability of developing lymphoma.
Lymphoma is divided into two basic categories: Hodgkin lymphoma and non-Hodgkin
lymphoma (NHL). They are further divided into subgroups depending on their different
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responses to treatments. Hodgkin lymphoma (sometimes termed Hodgkin’s disease) is
named after Thomas Hodgkin who published the description of lymphoma in 1832.
NHL is the fifth most common cancer in the United States. In 2009, about
601,000 people are living with lymphoma or are in remission. This includes about
148,500 people with Hodgkin lymphoma and about 453,000 people with Non-Hodgkin
lymphoma1. According to the National Institutes of Health, lymphomas account for about
5% of all cases of cancer in the United States. It is estimated that 21,000 will die of
lymphoma in 20092.

1.2

S49 cell lines
WT S49 is a T cell lymphoma cell line derived from a tumor in a Balb/C mouse.

WT S49 cells can be killed by cAMP-promoted activation of protein kinase A (PKA) (1)
or by activation of glucocorticoid receptors (2,3). The two S49 mutants used in these
studies derived from WT cells based on their resistance to killing by cAMP: Kin- S49
cells, which lack PKA activity by virtue of altered PKA regulatory (R) subunits (4,5) and
rapidly degraded catalytic subunits of PKA (6), do not respond to increases in cAMP; and
Deathless (D-) S49 cells, which undergo growth arrest (in the G1 phase of the cell cycle)
as do WT cells in response to cAMP treatment but are resistant to cAMP-induced

The Leukemia & Lymphoma Society® Fighting Blood Cancers, 1949-2009,
http://www.leukemia-lymphoma.org/all_page.adp?item_id=7030
SEER Cancer Statistics Review, 1975-2006,
http://seer.cancer.gov/statfacts/html/lymph.html

National

Cancer

Institute
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apoptosis (7),(8). The WT, Kin- and Deathless (D-) S49 cell lines were obtained from
UCSF.
1.3

Glucocorticoid response pathway
Glucocorticoids are among some of the most effective chemotherapeutic agents

used to treat lymphoma and leukemia, such as acute lymphoblastic leukemia (ALL)
(9,10). As immunosuppressants, glucocorticoids are used to treat inflammatory diseases
(11). Glucocorticoids are steroid hormones that diffuse through the plasma membrane to
bind to a cytoplamic glucocorticoid receptor (GR), a member of a nuclear receptor
subfamily. The activated complex translocates into the nucleus to promote gene
transcription and thereby regulate functions such as cell development, cell metabolism
and immune response (e.g., up-regulation of anti-inflammatory proteins and suppression
of pro-inflammatory proteins). There are two mechanisms proposed for glucocorticoidinduced apoptosis: one is the activation of death-inducing genes and the other is the
suppression of survival genes (9). Dexamethasone, a synthetic glucocorticoid, is used to
investigate the role pro-apoptotic protein Bim in this thesis.

1.4

cAMP /PKA pathway is activated by G-protein coupled receptors
G-protein coupled receptors (GPCRs) along with heterotrimeric G- proteins

(guanine nucleotide-binding proteins) are one of the major mechanisms that mediate
signal transduction in eukaryotic cells. GPCRs are seven-transmembrane proteins in the
cell plasma membrane; the human genome encodes almost 1000 members of this receptor
family. GPCRs transduce a vast variety of extracellular signals that include light,
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odorants, neurotransmitters, and hormones. After a specific activating ligand binds to a
GPCR, the receptor promotes the associated G-protein to release bound GDP and bind
GTP. The activated G-proteins regulate various enzymes and channels. In the case of
GPCRs that activate Gs, the G protein that stimulates adenylyl cyclase (AC) activity, the
receptors promote subunit dissociation of the heterotrimeric G-protein and its
disassociates to activate AC while the

subunit

and subunits stay bound to the GPCR. AC then

catalyzes the conversion of ATP to cAMP.
Cyclic AMP acts as a second messenger that regulates many cellular events,
primarily via its activation of PKA. PKA, which modulates the activity and in some cases
the expression of enzymes and proteins through phosphorylation, is a cAMP-dependent
allosteric enzyme that has two regulatory (R) subunits and two catalytic (C) subunits. The
R subunits are inhibitory and block the C subunit’s active sites. Cyclic AMP is an
allosteric modulator that binds on the R subunits to induce a conformational change; R
subunits then release the C subunits, revealing their substrate-binding sites.
The pathway is turned off at various steps. Activated G

subunits recruit

-

adrenergic receptor kinase ( ARK), a serine/threonine kinases, that phosphorylate GPCR.
Phosphorylated receptor is targeted for -arrestin binding; the receptor-arrestin complex
is internalized, and the receptor no longer has access to the GPCR agonist. In addition,
G has intrinsic GTPase activity to cleave GTP to GDP to inactivate the G protein and
regulators of G-protein signaling (RGS) proteins act to enhance this GTPase activity.
Cyclic AMP is degraded by cyclic nucleotide phosphodiesterases to 5’-AMP, which is
unable to activate PKA.
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1.5

cAMP/PKA-induced apoptosis
Cyclic AMP-activated PKA regulates various responses in different cell types;

these include opposite responses in terms of cell growth and cell death. For example,
epithelial cells show growth stimulation and anti-apoptosis while some hematopoietic
cells undergo growth arrest and pro-apoptotic responses to increased cellular cAMP
concentration. Many human cancers are associated with alteration in cell growth and
death responses. The anti-apoptotic effects regulated by cAMP may contribute to tumor
growth. Efforts to reverse such responses or to use the cAMP-promoted pro-apoptotic
pathway may thus have therapeutic value in the treatment of certain cancers.. Previous
studies have shown that Bim, a member of Bcl-2 protein family, is a pro-apoptotic
protein and in certain cells the expression and activity of Bim can be enhanced and
regulated by the cAMP-PKA pathway (12,13). Microarray and biochemical data from the
Insel lab indicated that increased expression of Bim accompanies in the induction of cell
apoptosis in S49 cells in response to cAMP/PKA (14). Studies in this thesis use
knockdown and over-expression approaches to assess the role of Bim in mediating
cAMP/PKA-promoted apoptosis.

1.6

Bim as a pro-apoptotic protein
Bim is a member of the Bcl (B-cell lymphoma) protein family (15-17). Bim

stands for “Bcl-2 interacting mediator of cell death”. The Bcl protein family is subdivided
into three groups based on homology and function: multi-domain anti-apoptotic, multidomain pro-apoptotic, and BH3-only pro-apoptotic (18). There are three isoforms of Bim
generated through alternative splicing from a single transcript: BimEL, BimL, and BimS
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(Fig. 1). BimEL, the longest isoform, is usually the most abundant while BimS, the
shortest isoform, is the least abundant but most potent in inducing apoptosis (19). Bim
belongs to the BH3-only protein subgroup, members of which trigger apoptosis by
activating another set of proteins (Bak and/or Bax proteins). Bim’s activation of Bak or
Bax induces apoptosis by forming oligomers on the mitochondrial membrane and causing
release of cytochrome C, an essential protein component of the electron transport chain
involved in oxidative phosphorylation. The exact mechanism of cytochrome C release is
unclear but its release facilitates the activation of a particular cysteine aspartate protease,
caspase 3, which functions as an effector caspase to cause apoptosis (20-23).

Figure 1. Schematic showing the three isoforms of Bim (19)

1.7

Proposed mechanism of action of Bim
There are two proposed mechanisms by which BH3-only proteins, such as Bim,

trigger cytochrome C release. One is the direct binding model, in which Bim binds to and
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activates Bax directly. Most Bax is found in the cytosol but when oligomerized in the
mitochondrial membrane, Bax changes the membrane permeability to release cytochrome
C (24). Although direct binding between Bim and Bax is not detected, the observed
collaboration implies direct activation (25). The other mechanism is displacement,
whereby BH3-only proteins bind to and inactivate anti-apoptotic Bcl-2-like proteins (Fig.
2). Evidence for the latter model includes data showing that Bak binds to anti-apoptotic
proteins Bcl-XL and Mcl-1 by co-immnunoprecipitation, and that this neutralization
induces apoptosis (26).
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Figure 2. Direct binding and displacement models of BH3-only protein action. Apoptotic
stimuli activate BH3-only proteins. In the direct binding model Bim directly activates
Bax causing its insertion into the mitochondrial membrane where it becomes active. Bim
can be inhibited by Bcl-2-like proteins by sequestration. Other BH3-only proteins
promote apoptosis by binding to and inactivating Bcl-2-like proteins. In the displacement
model, anti-apoptotic Bcl-2 proteins are inactivated through direct binding by BH3-only
proteins prior to Bak activation. This occurs according to the binding affinities of their
BH3-domains. Bim or Puma can achieve that on their own while other BH3-only proteins
need a BH3-only partner (for example, the combination of Noxa and Bad). (27)

1.8

Hypothesis
The hypothesis of this thesis is that Bim is necessary and sufficient to trigger

apoptosis promoted by cAMP/PKA. To test this hypothesis, transgenic cell lines that
conditionally express Bim were made in order to determine if the up-regulation of Bim is
sufficient to induce apoptosis. In addition, Bim short hairpin RNAi’s (shBim) were
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produced to test if Bim is necessary for apoptosis in response to increases in cAMP and
activation of PKA. Because the glucocorticoid Dexamethasone (Dex) also induces
apoptosis in WT S49 cells (28) (29), we hypothesized that apoptosis in response to
cAMP/PKA and Dex may occur via convergent pathways and thus the shBim-expressing
WT S49 cell lines should be protected from both cAMP-induced and Dex-induced killing.

MATERIAL AND METHODS

2.1

Cell lines
2.1.1 Double-transgenic rtTA/tetO-Bim cell lines
We used the tetracycline expression system to control the expression of BimL in

S49 cells (Fig 3) (30). WT, Kin-, and D- double-transgenic cell lines (denoted herein as
rtTA/tetO-Bim) were made by previous lab members. Briefly, the EF1

promoter (a

strong constitutive promoter) was recombined upstream of rtTA in the lentiviral vector
2K7Bsd (31) with Gateway LR recombinase from InvitrogenTM. This vector contains a
blasticidin (Bsd) resistance gene. Similarly the tetO promoter was recombined upstream
of BimL in the lentiviral 2K7Neo vector, which contains the neomycin resistance gene
(Neo). These vectors were then transfected along with a cocktail of lentiviral packaging
vectors into HEK 293ft cells to produce replication deficient lentiviral particles that were
then used to transduce S49 cells. Transgenes were delivered by viral transduction of S49
cells and selected with 10ug/ml Bsd and then 500ug/ml Neo for 4 weeks. In these doubletransgenic cells administration of doxycycline induces a conformational change in rtTA
enabling it to bind to the tetO promoter to induce transcription of BimL. Doxycycline
was used to test if conditional expression of Bim induces apoptosis of WT, D- and KinS49 cells.
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Figure 3. Schematic representation of the double-transgenic rtTA/tetO-Bim cell lines.

2.1.2 Short hairpin shBim cell lines
Three shBim vectors were made in order to assess the impact of the knockdown
of Bim on apoptosis. The three hairpin sequences were designed using InvitrogenTM’s
“RNAi Design Services” online tool. Bim shRNAi double-stranded oligonucleotides
were ligated into the pENTR/H1/TO plasmid downstream of the H1 Pol III promoter.
GFP expressed under the EF1a promoter was recombined in reverse orientation upstream
of the H1-shBim sequences in the 2K7Bsd vector to label transduction efficiency.
HEK293FT cells were transfected (as described above) to generate replication-deficient
lentiviral particles containing shRNAi sequences, which then were used for transduction
of S49 WT cells. Stable cells were generated by selection with 10 g/ml blasticidin.
Scramble-shBim cell lines were made in the same manner with a random, scrambled
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shBim sequence and serve as a positive control for the shBim cell lines. The production
of shBim stable cell lines took about 1 month after the design of the shRNAi.
Bim coding sequence of isoform 3 BimS
aaaaaaagac
acagagaagg
cctggggccc
gtctcaggag
agctgcggcg

caaatggcca
tggacaattg
ctacctccct
gaacctgaag
gatcggagac

agcaaccttc
cagcctgctg
acagacagaa
atctgcgccc
gagttcaacg

tgatgtaagt
agaggcctcc
ccgcaagctt
ggagatacgg
aaacttacac

tctgagtgtg
ccagctcagg
ccatacgaca
attgcacagg
aaggagggtg

caccctcaaa

tggttatctt

shBim 215
tttgcaaatg

attaccgcga

ggctgaagac

shBim 244
acaactgtta
atctacatgc

shBim 272
cgctttatct
agccaggata

tccgtctggt
cgtggcgga

shBim 215

ggagacgagttcaacgaaact

shBim 244

gagggtgtttgcaaatgatta

shBim 272

gctgaagaccaccctcaaatg

atggagaagg

cattgacagg
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Figure 4. Schematic representation of the MultiSite Gateway® technique used for
generating the rtTA/tetO-Bim and EF1 -GFP-shBim constructs. (diagram adapted from
InvitrogenTM manual)
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Figure 5. Schematic representation of the steps used to generate lentiviral particles.
(diagram adapted from InvitrogenTM manual)
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2.2

Cell culture media
WT S49 cells were cultured in a 10% CO2 humidified environment at 37°C in

suspension in Dulbecco’s modified Eagle’s medium supplemented with 10% heatinactivated horse serum, 10 mM Hepes buffer and 1 mM sodium pyruvate. Cell number
was maintained between 1x105 and 2x106cells/ml. The double transgenic rtTA/tetO-Bim
cell lines were grown in the same medium plus 10 g/ml Blasticidin and 500 g/ml
Geneticin (G418 or neomycin). The short hairpin shRNA cell lines were grown in the
same medium as WT plus 10ug/ml Blasticidin.

2.3

Experimental Protocol
WT S49, D- S49, shBim and scramble-shBim cells were treated with 100 M

CPT-cAMP (8-(4-chlorophenylthio)-adenosine-3’:5’-cyclic monophosphate), a cell
permeable cAMP analog, from Sigma-Aldrich®. WT rtTA/teto, Kin- rtTA/teto, and DrtTA/teto cells were treated with doxycycline at 10, 30, and 100 ng/ml. WT, shBim, and
scramble-shBim cell lines were treated with dexamethasone treatments at 10 nM, 100 nM,
and 1 M as indicated.

2.4

Cell count with Trypan Blue as an assay for cell growth and cell viability
Control and treated cells were plated in triplicate in 2ml of media at 3x105/ml or

5x105/ml depending on stock cell number in 6-well plates. Cell number and cell viability
were determined after 24 and 48hr. Sample aliquots were diluted 1:10 in Trypan blue and
counted on hemocytometer: live cells are clear and dead cells stain with blue.

16

2.5

Apoptosis Assay with Annexin Staining by Flow Cytometry
Control and treated cells were plated in triplicate in 2ml of media at 3x105/ml in

6-well plates for 24 or 48 hr. PE Annexin V Apoptosis Detection Kit from BD
PharmigenTM was used to assess apoptosis. Phosphatidylserine, a phospholipid, is found
on the inner plasma membrane in live cells. As cells undergo apoptosis,
phosphatidylserine flips to the outer plasma membrane. Phycoerythrin (PE), a red
fluorochrome, is conjugated on Annexin V, a protein that binds to phosphatidylserine.
This assay of cell viability uses flow cytometry to assess the amount of PE, which
represents the exposure of phosphatidylserine as a measure of the loss of cell viability.

Figure 6. Schematic representation of the Annexin V-PE assay. Adapted from Imgenex:
Annexin V apoptosis detection kits (http://www.imgenex.com/apop_kits_list.php?id=76)
and
BD
Annexin
V
websites
(http://www.bdbiosciences.ca/canada/pharmingen/product_pages/annexinv/)
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2.6

Western blots
Control WT S49, D- S49 and shBim cells were grown in 10ml of media at 5x105

cell/ml in T25 filtered cap flasks while treated cells were plated in 20ml of media at
5x105 cell/ml in T75 filtered cap flasks. WT rtTA/teto, Kin- rtTA/teto, and D- rtTA/teto
control and 10 g/ml doxycycline-treated cells were grown at 5 x 105 cell/ml in 10 ml of
media in T25 filtered cap flasks. 30 g/ml and 100 g/ml doxycycline-treated cells were
grown at the same initial concentration in 20 ml of media in T75 filtered cap flasks.
Control and treated cells were collected after 24 hr and whole cell lysates were
extracted with 200 l of RIPA buffer (radioimmunoprecipitation assay buffer) containing
protease inhibitor cocktail from Sigma-Aldrich®, PMSF (phenylmethylsulphonyl
fluoride), dithiothreitol, and sodium vanadate. Lysed cells were sonicated twice for 15
sec. SDS (sodium dodecyl sulfate) and beta-mercaptoethanol were added to protein
samples that were then denatured at 70°C for 10 min. 20 ug of protein lysates were
electrophoresed in each lane on precast NuPage 4%-12% Bis-Tris gel (Invitrogen) with
MOPS (3-(N-morpholino)propanesulfonic acid) SDS running buffer. Separated proteins
were transferred onto PVDF membranes using the iBlot Dry Blotting System from
Invitrogen, and incubated with Bim polyclonal antibody from BD PharmigenTM. GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase) was used as the loading control.

RESULTS
3.1

The phenotypes of cell growth arrest and cell death in response to cAMP in
WT, Kin-, and D- S49cells
The WT S49, Kin- and Deathless (D-) S49 cell lines were first assessed for their

growth and death responses to cAMP by incubation with 100 M CPT-cAMP. Even
though the WT, Kin- and D- cells had been characterized in the past, it was important to
confirm that the cells we studied would show responses as in previous reports (7,32,33).
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Figure 7. Cell growth and viability of WT, Kin- and D- S49 cells incubated with 100 M
CPT-cAMP. (A) WT S49 cells; (B) Kin- S49 cells; (C) D- S49 cells. Cells were grown
for 48 hr; cell number and viability were assessed by Trypan blue after 24 and 48 hr.
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To assess cell number and viability, the cells were stained with Trypan blue and
counted at designated time points. A shown in Figure 7, CPT-cAMP treatment of WT
S49 cells decreased cell growth and viability and induced substantial apoptosis, such that
70% of the population was dead by 48 hr. The Kin- S49 cells that lack PKA activity
showed no response to CPT-cAMP in terms of cell growth and cell viability. The D- S49
cells had decreased growth rate in response to CPT-cAMP by 48 hr treatment with CPTcAMP but had no difference in cell viability.

3.2

Apoptosis assay with annexin staining by flow cytometry: effect of
conditional Bim expression and Bim downregulation
WT rtTA/tetO-Bim, Kin- rtTA/tetO-Bim and D- rtTA/tetO-Bim cell lines were

treated with doxycycline (Doxy) for 24 hr to upregulate Bim expression. Doxy treatment
increased Bim expression in all three double-transgenic lines; higher concentration of
Doxy induced higher Bim protein expression, as shown by Western blotting (Fig. 8).

(A) WT rtTA/teto 0, 10, 30, 100 ng/ml
BimL expression
GAPDH
Figure 8. Western blot showing induction of Bim by Doxy in double-transgenic cells.
The data shown represent representative immunoblots of expression of Bim and GAPDH,
and graphs represent the fold-change in Bim normalized to GAPDH in (A) WT rtTA/tetO
cells; (B) D- rtTA/tetO cells; and (C) Kin- rtTA/tetO cells.
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Figure 8. continued
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BimL expression
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Figure 8. continued

The three double-transgenic cell lines were treated with three concentrations of
Doxy (10ng, 30ng, and 100ng) for 24 hr and then subjected to Annexin-V staining to
assay for apoptosis. Treatment of cells with increasing doses of Doxy increased the
percentage of Annexin-positive cells in all three cell lines. With the highest Doxy
treatment (100ng), 41% of WT rtTA/tetO, 23 % of D- rtTA/tetO, and 19% of KinrtTA/tetO cells stained positive for Annexin (Fig 9). Although Kin- and D- S49 cell lines
do not undergo apoptosis in response to CPT-cAMP treatment (Fig. 6), direct induction
of Bim by Doxy treatment of the double transgenic cells induced apoptosis. These results
indicate that Bim up-regulation in these cells is sufficient to cause apoptosis and thus
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leads to consistent with the conclusion that the failure of CPT-cAMP to increase Bim
expression in Kin- and D- S49 cells can account for their lack of apoptotic response to
cAMP.

(A)

Figure 9. Annexin V-PE showing apoptotic cells in Doxy-treated double-transgenic cells.
(A) Representative histograms of WT rtTA/tetO cells stained with Annexin V-PE to
analyze apoptosis by flow cytometry. Bar graph represents the mean of Annexin staining
as percent apoptosis from triplicate determinations(n=3), *P<0.05 compared to control.
(B) and (C) show same representations for D- rtTA/tetO cells and Kin- rtTA/tetO cells.
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(C)

Figure 9. continued
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3.3

shBim S49 cell lines show protection from CPT-cAMP-induced apoptosis
To test whether Bim expression is necessary for cAMP-promoted apoptosis, we

created three hairpin RNAi-Bim cell lines (shBim 215, shBim 244, shBim 272) and
incubated them with CPT-cAMP for 48 hr. shBim 215-expressing WT cells and shBim
272-expressing WT cells showed greater transfection efficiency than shBim 244expressing WT cells, as reflected by higher amounts of GFP (assessed by fluorescent
microscopy and flow cytometry). The CPT-cAMP-treated shBim 215-expressing WT
cells stained with Trypan blue showed similar responses as do CPT-cAMP-treated DS49 cells: shBim 215-expressing cells underwent growth arrest at the 48-hr time point,
and the viability of the shBim 215-expressing cells remained >70% after 48 hr incubation
with CPT-cAMP. Since these responses are similar to those observed with D- S49 cells
treated with CPT-cAMP, the results lead to the conclusion that the altered kinetics of Bim
expression observed in CPT-cAMP-treated D-cells (14) may account for the failure of the
cells to undergo apoptosis in response to CPT-cAMP. Another RNAi line, shBim 272,
showed similar effects to those of shBim 215-expressing cells on growth rate and cell
viability. Both shRNA lines showed protection of WT cells from apoptosis promoted by
CPT-cAMP treatment over a 48-hr period. The scramble-shBim cell line served as a
negative control and showed similar responses to CPT-cAMP as occurred in WT S49
cells without shBim constructs: growth arrest and a 50% decrease in cell viability after
48-hr treatment with CPT-cAMP. Thus, the responses of shBim 215-expressing and
shBim 272-expressing WT cells to CPT-cAMP treatment are due to the down-regulation
of Bim by its shRNAi and not an effect from the introduction of shRNAi into the cells.
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Not only were shBim 215-expressing and shBim 272-expressing WT cells
protected from CPT-cAMP-induced apoptosis by 48 hr, but their growth arrest in
response to CPT-cAMP was similar to that of untransfected WT cells. This result
indicates that although Bim mediates apoptosis, its expression is likely not responsible
for the growth arrest response of the cells to CPT-cAMP.
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Figure 10. Cell growth experiment with CPT-cAMP in shRNAi cell lines. WT cells were
treated with 100 M CPT-cAMP for 48 hr in 6-well plate in triplicate (n=3) as described
in Methods. The cells expressed: (A) shBim 215; (B) shBim 272; (C) scramble-shBim.
Panel (D) shows the growth and viability graphs of control, shBim 215-expressing,
shBim 272-expressing, and scramble-shBim-expressing WT cells.
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Figure 10. continued
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Figure 10. continued

The shRNAi cell lines have GTP incorporated into the hairpin vector used to
transfect WT cells; thus cells with higher GTP expression are transfected with more
hairpin vector. Cells transfected with shRNAi constructs yielded high, normal, and low
GFP expressing populations, as observed in the scatter plots of Fig. 11 C; the cells with a
low GFP-expressing population are predicted to have poorer protection from CPT-cAMP
treatment. The Annexin staining of shBim 215-expressing cells shows that the CPTcAMP-treated hairpin cells can knockdown Bim expression and that the basal level of
apoptosis appears to be of cells with low GTP expression. Low GTP expression indicates
that fewer shBim hairpins are transfected into the cells, and thus the cells would be
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predicted to have greater cell apoptotic response to CPT-cAMP. The control and CPTcAMP-treated shBim 215-expressing cells show similar curves, i.e., with very low basal
levels of cell apoptosis. Thus the shBim hairpin can successfully knockdown Bim
expression and prevent Bim-induced cell apoptosis after CPT-cAMP treatment (Figure 11
B-D).
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Figure 11. Correlation of Bim expression (assessed by Western blotting) and apoptosis
(Annexin V staining) in WT S49 cells engineered to express shBim constructs. (A)
Western blot showing the fold-change in Bim expression; (B) histogram showing
Annexin-positive and Annexin-negative cell populations; (C) scatter plots showing GFP
and Annexin staining of cells treated with CPT-cAMP assessed by flow cytometry; (D)
bar graph representing amount of Annexin in cell lines treated with CPT-cAMP for 48 hr.
WT P<0.01 and scramble-shBim P<0.005
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Figure 11. continued
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As shown in Figure 11 D, the induction of apoptosis by CPT-cAMP treatment of
WT cells for 48 hr created a population of 27% Annexin-positive cells, about a 2.5-fold
increase from control WT cells (~10%) (P<0.01). Treatment with CPT-cAMP of
scramble-shBim yielded 36% Annexin-positive cells, about a 6.5-fold increase from
untreated cells (~6%) (P<0.005). CPT-cAMP treatment of shBim 215- and shBim 272expressing cells yielded 18% and 16% Annexin-positive populations respectively, values
not significantly different from those of control shBim-expressing cells (Fig. 11 D).

3.4

shBim Response to Dexamethasone Treatment Induced Apoptosis
Previous data have shown that dexamethasone (Dex) treatment produces

apoptosis of WT S49 cells (28). A recent study reported Dex-induced apoptosis in acute
lymphoblastic leukemia (ALL) cells and assessed the role of Bim in this response to Dex
(29). We thus tested for Dex-promoted apoptosis using the shBim S49 cell lines that we
created to see if we would observe a similar effect. In initial studies we assessed the
effect of 1 M Dex treatment on cell growth and viability. By 48 hr, the treatment
appeared to kill almost all the cells; however, 17% and 20% of the cells expressing
shBim 215 and shBim 272, respectively, were still alive. Statistical analysis showed
significant differences (P< 0.05) for shBim 215-expressing cells compared to WT, and
P< 0.005 for shBim 272-expressing cells compared to WT cells after 24-hr treatment with
Dex. The results suggested that 1 M Dex was too high a concentration but the statistical
differences observed with the shBim-expressing cells encouraged us to test lower drug
concentrations for possible protection from of Dex-promoted apoptosis.
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Figure 12. Cell growth experiment with 1uM of dexamethasone. (A)WT; (B) shBim215;
(C) shBim 272; (D) combined growth and viability curves of WT, shBim 215, and shBim
272. shBim 215 P< 0.05 ; shBim 272 P< 0.005
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Since shBim 272-expressing cells showed a greater difference than shBim 215expressing cells compared to WT cells in the Dex-treated cell growth experiment, shBim
272-expressing cells were used in subsequent apoptosis studies with Dex. Use of the BD
FACScan machine also showed that shBim 272-expressing cells had a higher GFP
population than did shBim 215-expressing cells, implying that more copies of shRNAi
are available in the ShBim 272-expressing cells for the down-regulation of Bim mRNA.
Treatment with 10nM Dex revealed that the latter cells and scramble-shBim-expressing
cells showed a similar amount of Annexin V staining (~10%). Treatment of shBimexpressing cells with 100nM Dex yielded only 17% Annexin V staining, i.e. about half of
that occurring in scramble-shBim-expressing cells (33%). With 1 M Dex treatment, 75%
Annexin-positive cells occurred in scramble-shBim-expressing cells but only 55% of
shBim 272-expressing cells were Annexin-positive (Fig. 13). The results observed with
100 nM and 1 M Dex, although showing only modest decreases in apoptosis of the
ShBim 272-expressing cells, imply a role for Bim expression in Dex-promoted apoptosis
in S49 cells.
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Figure 13. Annexin assay on shBim 272-expressing and scramble-shBim-expressing S49
cells treated with Dex. Dose-response curve of cells treated with 0, 10nM, 100nM, and
1000nM of Dexamethasone for 48 hr.

DISCUSSION
4.1

Cell culture conditions may cause variations in results
Apoptosis was first recognized about 40 years ago (34) and has been actively

studied for over the past 20 years (35). The WT S49 and its mutant cell lines were
generated more than 30 years ago and were used to study the generation of and
downstream signaling by cAMP. Only in the past 10 years or so have the biochemical
pathways that lead to apoptosis been elucidated and have detailed studies been conducted,
but definition of pro-apoptotic events associated with cAMP/PKA-promoted apoptosis
are still not fully understood. The S49 system is well suited for such studies because of
the existence of clonal variants that lack cAMP/PKA responses (kin- S49 cells) or just the
pro-apoptotic response to cAMP (D-S49 cells).
During my research with S49 cells, I noticed some factors that would change the
cells’ behavior. With my experience and growth conditions suggested from other studies
(36), I learned to keep the cell numbers between 1x105 cells/ml and 2x106 cells/ml. Cells
release factors that can influence the growth of nearby cells; when WT cells were kept at
low cell concentration they did not appear to receive sufficient growth promotion from
their neighbors and thus grew much slower or died. Cells able to survive such conditions
are usually “ tougher” , i.e. more resistant to killing. Cells that are resistant to killing also
could also be generated from more confluent cell cultures. WT S49 cells undergo
spontaneous apoptosis when highly confluent, which may be due to lack of nutrients in
the media or lack of oxygen caused by neighboring cells settling on top of each other.
Another possible reason may be that spontaneous apoptosis in some cells serves as a
survival mechanism to rescue a fraction of the population in competition for nutrients.
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Whatever the reason, remaining live cells seem more resistant to killing. In both
conditions, the environment creates a “ bottle neck effect” that selects for cells less
sensitive to cell death; and thus potentially that will not respond to cAMP-induced
apoptosis. I conducted experiments to test whether cell density has an effect on killing
related to Bim. Some data suggested that cells grown in higher density would induce
higher expression of Bim. However, due to conflicting results and time constraints this
part of my experiments was inconclusive.
Another observation that is related to the culture conditions is the surface area of
the culturing vessel. In the apoptosis assay experiments, I noticed that the concentration
at which the cells would grow efficiently in a T25 flask would yield a lower population of
viable cells if cells were grown in a 6-well plate. Since the cell concentration is roughly
the same, presumably this effect is attributable to the surface area of the container used
for cell culture. The reasons may be similar to observed apoptosis at high cell confluence
and perhaps smaller culturing area gives an earlier onset of apoptosis.
4.2

Conditional expression of Bim in rtTA/tetO double-transgenic cell lines
WT, Kin-, and D- double transgenic rtTA/tetO-Bim lines induced Bim protein in

response to doxycyclin (Doxy) treatment. One reason WT rtTA/tetO gave a higher foldchange in Bim (Fig. 7A) is because in the absence of treatment (“ basal” ), the WT
rtTA/tetO cells had very low expression of Bim compared to the controls in the Kin- and
D- background. Thus when comparing dose-dependent expression, WT rtTA/tetO
showed greater fold-changes. Another reason is that Kin- rtTA/tetO and D- rtTA/tetO
cells may have lower transfection of either or both the EF1 -rtTA and tetO-Bim plasmids.
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D- rtTA/tetO cells had a substantial increase in Bim expresstion with greater Doxy
concentrations (Fig. 8 B). Under control conditions Kin- rtTA/tetO cells had higher Bim
expression compared to what was observed in response to treatment with 10ng and 30 ng
Doxy (Fig.8 C). The rtTA/tetO double-transgenic system is a little “ leaky” since under
basal conditions (in the absence of Doxy), the tetO promoter transcribes a low level of
Bim. A general observation with these double transgenic lines is that at the highest Doxy
treatment (100ng/ml), the Western blots revealed a band below the BimL band (Fig. 8 B).
This lower band may be the shortest isoform of Bim, BimS, which was produced in
response to a high level of stimulation. The three double-transgenic cell lines assessed
with Western blots showed similar responses in the Annexin apoptosis assays: increased
amounts of Annexin staining with increasing Doxy concentrations, thus indicating
apoptosis in the cell population as the expression of Bim was increased by Doxy. WT
rtTA/tetO cells showed higher levels of Annexin staining compared to Kin- rtTA/tetO
and D- rtTA/tetO cells at each treatment level. This, again, may be attributed to
differences in transfection efficiency in Kin- rtTA/tetO and D- rtTA/tetO cells, as a lower
amount of Bim expression (in terms of fold-change in response to Doxy treatment) seems
to occur in them.

4.3

shBim response to CPT-cAMP treatment
The cell growth experiments with the shBim cell lines derived from WT S49 cells

showed that they undergo growth arrest but not apoptosis after 48 hr treatment with CPTcAMP, a response akin to that observed in D- S49 cells. The Western blot experiment
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showed that WT cells treated with CPT-cAMP had a 6-fold increase in Bim expression
while cells with the scrambled construct treated with CPT only showed a 3-fold increase.
We had expected to see similar fold-increases in WT cells and cells with scramble-shBim
construct. Nevertheless, the shBim lines treated with CPT-cAMP showed less Bim
expression compared to no treatment controls.
As shown in Figure 10 B lower panel, cells expressing shBim 215 that were
treated with CPT-cAMP had fewer cells in the GFP+/Annexin+ quadrant compared to
CPT-cAMP-treated cells expressing scramble-shBim. We expected to see more scrambleshBim cells in the GFP+/Annexin+ quadrant. Scramble-shBim had more cells in GFP/Annexin+ quadrant compared to CPT-cAMP-treated shBim 215-expressing cells. One
explanation is that when the cells expressing the scramble construct undergo apoptosis
they stop producing GFP, so the population expected to appear in GFP+/Annexin+
quadrant shifted to the GFP-/Annexin+ quadrant.
In the Annexin assay experiment CPT-cAMP induced apoptosis in WT cells and
cells with the scramble-shBim construct within 48 hr while I observed only a 2.5-fold
increase and a 6.5-fold increase respectively in Annexin-V staining compared to no
treatment controls (Fig. 11D). The greater response in scramble-shBim was unexpected,
and the result is opposite to what is observed in the Western blot data (Fig. 11A). One
reason for reduced killing in WT cells may be that they had been cultured and passaged
for a little over 3 months (time period to change to fresh cell stock to avoid possible
genetic and phenotypic mutation in the cell line), and thus the cells may gain some
resilience to the apoptotic stimuli. shBim 215-expressing and shBim 272-expressing cells
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treated with CPT-cAMP did not show significant changes from control shBim in
Annexin-V staining (Fig.11D), a result that is consistent with the results from the
Western blot data. The higher amount of Annexin-V in shBim control cells compared to
WT control cells and scramble-shBim control cells may be due to a faster growth rate in
shBim cell lines, which perhaps, as noted above, may have created some cell death
through competition for nutrients in the environment.

4.4

shBim response to dexamethasone treatment
The cell growth experiment with 1 M Dex treatment was thought to be a failure

at first, with shBim 215-expressing and shBim 272-expressing cells each having only
20% of viable cells and WT with almost no live cells left after 48 hr. However, statistical
analysis showed significant differences in viability of Dex-treated shBim 215-expressing
and shBim 272-expressing cells compared to WT cells at the 24-hr time point. This
encouraged me to test the apoptosis assay at lower doses of Dex. shBim 272 cells were
selected to be used in this experiment because analysis using a FACScan showed shBim
272-expressing cells had a higher population of cells expressing GFP compared to shBim
215-expressing cells. Scramble-shBim had a larger amount of Annexin in the population
at each concentration of Dex treatment tested compared to what occurred with shBim
272-expressing cells. Dex treatment at 1 M by 48 hr yielded 55% dead cells. Since
shBim is a hairpin RNAi, it cannot completely knock-out Bim expression. Even though
shBim lines can still undergo cell death with strong pro-apoptosis stimulus, they showed
good protection as validated by multiple experiments reported in this thesis.

CONCLUSIONS
Bim upregulation in WT rtTA/teto, Kin- rtTA/teto, and D- rtTA/teto (confirmed
by Western blot) increased apoptosis in these cell lines, thus providing evidence that
expression of Bim is sufficient to induce apoptosis in S49 lymphoma cells. Furthermore,
down-regulation of Bim expression in shBim S49 cell lines showed protection against
cAMP/PKA-induced apoptosis, thereby confirming that Bim is necessary for cAMPpromoted induction of apoptosis in S49 cells. Preliminary data suggesting that shBimexpression protects S49 cells from apoptosis in response to Dex imply that
glucocorticoid- and cAMP/PKA-induced apoptotic pathways converge upstream of or at
the induction of Bim expression as a mechanism for apoptosis of wild-type S49 cells.
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