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Abstract

The role of interferon-gamma (IFN-y) in Chronic Myelogenous/Myeloid Leukemia (CML) and in
the treatment of CML remains unclear; specifically, the effect of IFN-y on apoptosis. There is
reported interplay between IFN-y and glycogen synthase kinase-3 (GSK-3), a kinase which has
been implicated in both cell death and, conversely, cell survival. Thus, we utilized the CML-
derived HAP1 cell line and a mutant HAP1 GSK-3B knocked-down cell line (GSK-3p 31bp) to
investigate whether GSK-3 modulates IFN-y’s action on CML cells. Significantly less GSK-3p
31bp cells, relative to HAP1 cells, were present after 48-hour treatment with IFN-y. IFN-y
treatment significantly decreased GSK-3p 31bp substrate adhesiveness (relative to HAP1 cells); an
observation often correlated with cell death. Fluorescence microscopy revealed that IFN-y induces
a modest level of apoptosis in the HAP1 cells and that IFN-y induced apoptosis is significantly
enhanced in GSK-3p 31bp cells. Utilizing a complementary GSK-3p knocked-down cell line
(8bp) we found, via flow cytometric analysis, that IFN-y induced apoptosis is significantly
enhanced in GSK-3p 8bp cells relative to HAP1 cells. Combined, our findings suggest that IFN-y
induces apoptosis of CML cells and that loss of GSK-3p significantly augments IFN-y-induced
apoptosis.
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1. Introduction

The Philadelphia chromosome is present in nearly all cases of Chronic Myelogenous/
Myeloid Leukemia (CML) [1]. At the molecular level, the presence of the Philadelphia
chromosome leads to active BCR-ABL protein, a tyrosine kinase (TK) [2,3]. This mutation
engenders cell growth and resistance to apoptosis [3]. Since the discovery of BCR-ABL, TK
inhibitors (TKIs) [3,4] have been developed and are now used to treat CML [2-4]. Despite
the success of these drugs, some cancer cells become resistant to their therapeutic effect
through BCR-ABL-independent mechanisms [3].

The mechanism of drug resistance is poorly understood but has been related to IFN-y. Held
et al. [3] proposed that IFN-vy, the only type Il interferon, secreted from immune cells such
as T and natural killer (NK) cells may prevent TKIs from inducing apoptosis. In related
work, Schurch et al. [5] reported that cytotoxic T cells induce CML stem cell proliferation
by secreting IFN-y Conversely, IFN-y has been shown to play a role in apoptosis [6] by
upregulating or activating certain genes or proteins that inhibit cell growth through apoptosis
or cell cycle arrest. For example, treating lymphocytes with IFN-y has been shown to induce
apoptosis and decrease the rate of growth if cells retain normal STAT1 activity [6].
Additionally, IFN-y can decrease the proliferation of cells by activating antiproliferative
genes or proteins such as p21, p27, Rb, p202, and Mad1 [6]. These proteins may cause arrest
of the cell cycle or prevent transcription of genes required for certain phases of the cell cycle
[6]. Moreover, IFN-y can activate or upregulate proteins or genes that promote apoptosis,
such as: protein kinase dsRNA-regulated (PKR), which can lead to NF-xB activation and
eventually apoptosis; IRF-1; Caspase 1; DAPs; Cathepsin D; Fas/Fas ligand; and TNF-a
receptors [6,7]. Finally, Castro et al. [8] devote an entire section of their IFN-y review article
to the antitumorigenic effects of IFN-y, and Xia et al. [9] reported that IFN-vy induces
apoptosis in the CML cell line K562. The combination of all the observations described in
this paragraph motivate a further investigation into the effect of IFN-y on CML cells.

Our laboratory has been exploring novel glycogen synthase kinase-3 (GSK-3) inhibitors
[10,11]. GSK-3 is a constitutively active serine/threonine kinase composed of two isoforms:
GSK-3a, a 51 KDa protein, and GSK-3p, a 47 KDa protein [12]. Although the two isoforms
are similar, they may carry out different functions since complete knockout of one isoform
cannot be fully rescued by the other isoform [13]. GSK-3 was first isolated from rabbit
skeletal muscle and was found to modify the effects of glycogen synthase [14]. GSK-3 is
one of the 518 known kinases in the human genome [15]. Although it is possible that GSK-3
acts on up to 500 substrates, GSK-3 has been shown to act on at least 100 substrates /n7 vitro,
but this number has not been confirmed /n vivo[16,17]. That said, GSK-3 does appear to be
a highly active kinase as the median number of substrates for a kinase is 12 and the average
is 70 [17]. Not surprisingly, given the large number of GSK-3 substrates, GSK-3 plays a role
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in a plethora of physiological and pathophysiological processes [18]. In regards to cell
survival, there is evidence that GSK-3 can both promote and protect the cell from apoptosis
[19-22]. Jacobs et al. [19] infer that the role GSK-3 plays in apoptosis is dependent on the
cell type and specific pathway involved. More specifically, Beurel and Jope [23] have
reviewed the literature in the context of the paradoxical role of GSK-3 in apoptosis
concluding that GSK-3 protects against the extrinsic apoptotic pathway and enhances the
intrinsic apoptotic pathway.

Numerous studies have identified connections between IFN-y and GSK-3 and several
works, in aggregate, link IFN-y, GSK-3 and apoptosis [8,9,23-25]. These observations,
along with the fact that elucidating the molecular mechanisms involved in CML and its
treatment will advance therapeutic approaches for CML, led us to probe the hypothesis that
IFN-vy induces apoptosis in CML cells and the effect is modulated by GSK-3.

2. Materials and Methods
2.1 Cell Culture

HAP1 (Horizon: C631, Clone 31144; Lafayette, Colorado, USA), GSK-3p 31bp (Horizon:
HZGHC000007c011; 31 bp deletion mutation) and GSK-3p 8bp (Horizon:
HZGHC000007c024; 8 bp deletion mutation) cells were cultured in growth medium (IMDM
— Gibco: 12440-053, Waltham, MA, USA; Fetal Bovine Serum - ScienCell: 0500, Carlsbad,
CA, USA; Penicillin/Streptomycin - Gibco: 15140-122) according to the recommended
Horizon protocol. The HAP1 are near-haploid cell lines derived from KBM-7 cells, which is
a human male CML cell line. A detailed description of the generation of the HAP1, GSK-3p
31bp and GSK-3p 8bp cell lines can be found at the company web site and is summarized
here. The KBM-7 cells (suspension) retrieved from the bone marrow were cloned and
reprogrammed to become adherent HAP1 cells [26]. Specifically, the KBM-7 cells were
edited to express OCT4/SOX2/c-Myc and KLF4 transcription factors, causing the cells to
differentiate into adherent HAP1 cells [27,28]. The GSK-3p 31bp/8bp mutant cell lines were
created through RNA-guided CRISPR/Cas9 technology targeting the GSK-3p gene in the
HAP1 parental cell line causing a frameshift mutation in the GSK-3p gene and a truncated
form of the GSK-3p protein [29]. The guide ARN (gRNA) sequence
(CGGCTTGCAGCTCTCCGCAA) was designed according to Anderson et al. [30] which
describes an efficient strategy to design highly specific gRNAs with low probability to target
other genes (off-targets). In this case, there is only one sequence in the genome that matches
the target completely and other target genes had three flaws (Mismatches, Deletions, and
Insertions), which is typically enough to disrupt cleavage at a potential off-target site [30].
Thus, the gRNA is specific to GSK-3 gene and the two cell lines are considered GSK-3-
specific mutant cell lines with no off-target mutations. Cell line HZGHC000007c011 has
31bp deletion in exon 1 that created an in frame start codon only 48bp away from the
original start codon. We term this cell line GSK-3@ 31bp. The cell line HZGHC000007c024
has an 8bp deletion in exon 1, which produced a frameshift mutation in the GSK-3p gene
that resulted in a premature stop codon and the synthesis of a short peptide. We term this cell
line GSK-3p 8bp.
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2.2 Viability and Detachment Assays

HAP1 and GSK-3p 31bp cells were cultured in 24-well plates (Corning: 3524; Corning, NY,
USA). Once the cells reached 35 to 50 percent confluency, the HAP1 and GSK-3p 31bp
cells were treated with growth media, or growth media containing 100 U/mL human IFN-y
(Invitrogen: RP-8607; Waltham, MA, USA), or 1000 U/mL IFN-y for 48 hours. At the 48-
hour time point, the supernatant and attached cells from each well were harvested and
washed. The recovered cells were resuspended in 500 pL of fresh growth medium and the
concentration of cells present in the suspension determined using BIO-RAD TC20™
Automated Cell Counter, cell counting slides (BIO-RAD: 1450016; Hercules, CA, USA),
and Trypan blue (Gibco: 15250061).

To investigate the effect of IFN-y and GSK-3 on cell adhesiveness, a cell detachment assay
was utilized. HAP1 and GSK-3p 31bp cells were incubated for 48 hours in growth media, or
growth media supplemented with 100 U/mL IFN-vy, or 1000 U/mL IFN--y. After the 48-hour
incubation, the cells were imaged via brightfield microscopy and the images saved. After
imaging, 200 pL of the supernatant was discharged, viaa micropipette, over the interior of
each well thrice to introduce a disruptive fluid force on the cell layers. The cells were again
imaged and the images saved. ImageJ (NIH, Bethesda, MD) was used to analyze the saved
images and determine the area occupied by the cells before and after introduction of the
disruptive fluid force.

2.3 Microscopy and Image Analysis

HAP1 and GSK-3p 31bp cells were cultured in 96-well microscopy plates [i.e. microplates
with black sides and clear bottoms (Corning: 3904)]. Once the cells reached 35 to 50 percent
confluency, the cells were treated with fresh media or fresh media supplemented with 1000
U/mL IFN-vy. Forty-eight hours later, the supernatant was removed and the cells gently
washed twice with phosphate buffered saline (PBS, ThermoFisher; Waltham, MA, USA).
After the second washing step, 200 uL of Assay Buffer (included with kit described below)
was added to each well. The appropriate volumes of Apopxin Green (100X) (EX/Em =
490/525 nm) and 7-AAD (200X) (ExX/Em = 546/647 nm) [obtained as a kit (AB176749)
from Abcam; Cambridge, MA, USA], prepared in 100% DMSO (Millipore Sigma; D2438;
Burlington, MA, USA), were added to the appropriate wells and the cells allowed to
incubate in the dark at room temperature for 30 minutes. Note that separate sets of cells were
treated with serum-free media for 48 hours as a positive control for Apopxin Green or with
90% EtOH for 30 to 60 seconds as a positive control for 7-AAD.

After incubation, the cells were washed twice with PBS, covered again with Assay Buffer,
and imaged using a fluorescent microscope. For each well, a brightfield image was recorded
and subsequently sequential fluorescent images (one for each color according to each
excitation and emission spectrum) were recorded. A composite fluorescent image was also
recorded. Cells and fluorescent dyes were imaged through a 10x objective using a Leica
DMI6000 inverted microscope (Leica Microsystems, Wetzlar, Germany) containing a filter
cube wheel with the appropriate excitation and emission filters for the green and red dyes
listed previously. Images were captured using a Nuance Multispectral Imaging System
(PerkinElmer, Inc., Hopkinton, MA, USA), and each image was saved for later analysis
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using ImageJ. In ImageJ, recorded images, taken under brightfield microscopy, were used to
determine the total cell area. Specifically, the regions occupied by cells were outlined and
ImageJ was utilized to determine the area of the outlined regions. Similarly, the area of
green fluorescence (apoptotic cells) and red fluorescence (necrotic cells) was determined.
The area of green (or red) fluorescent cells was divided by the total cell area (determined
from the bright field microscopy images), and this ratio was multiplied by 100 to obtain the
percentage of apoptotic or necrotic cells, respectively.

2.4 Flow Cytometric Analysis of Apoptosis

The HAP1 and GSK-3 8bp cell lines were cultured in 6-well plates. Once the cells reached
35 to 40 percent confluency, the cells were treated with fresh media or fresh media
supplemented with 1000 U/mL IFN-y. The Alexa Fluor® 488 annexin V and propidium
iodide (PI) kit for flow cytometry (Invitrogen Carlsbad, CA, V13241) were used to detect
viable, apoptotic, and necrotic cells. The human anticoagulant, annexin V, a 35-36 kDa
Ca?*-dependent phospholipid-binding protein which has high affinity for phosphatidylserine
exposed to the extracellular environment, and PI, a nucleic acid binding dye, were used for
detection of apoptosis and necrosis, respectively. The assay was performed according to the
manufacturer’s recommendation. Briefly, 48 hours after treatment, the cells were harvested,
washed with cold Dulbecco’s phosphate buffer saline (containing no calcium and
magnesium), and then resuspended in 100 pL diluted annexin V binding buffer 1x (50 mM
HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH7.4) to a final concentration of ~1 x 107 cells
per ml. Subsequently, 5 uL of Alexa Fluor® 488 annexin from the stock solution and 1 pL of
diluted PI at a concentration of 100 pg/mL were added to the cell suspensions and the cells
incubated at room temperature for 15 minutes in the dark. After the incubation, the samples
were diluted further by adding 400 pL of the annexin V binding buffer (1x) and analyzed on
a FACSAria Special Order Research Product cytometer/sorter (BD Bioscience, San Jose,
CA). Annexin V (Ex/Em: 488/499 nm) fluorescence was excited with a 488 nm laser and
emission detected with a 530 +/- 15 nm bandpass filter. PI fluorescence (Ex/Em: 535/617
nm) was excited with a 488 nm laser and emission detected via a 610 +/- 10 nm bandpass
filter. The results were analyzed with FlowJo version 10 software (FlowJo, Ashland, OR).

2.5 GSK-3a/p Western Blot

HAP1, GSK-3p 31bp and GSK-3p 8bp whole-cell lysates were prepared in lysis buffer
containing 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, a mixture of
protease inhibitors [Protease Inhibitor Calbiochem Cocktail (Set 111, EDTA Free; Millipore
Sigma: 539134)], and a phosphatase inhibitor (PhosSTOP EASYPack; Roche:
04906837001). Total protein was then quantified using the micro BCA protein assay kit
(Thermo Fisher Scientific) and Nanodrop 2000 Micro-volume UV-Vis Spectrophotometer
(Thermo Fisher Scientific). Whole-cell lysates (22—25 ug) were then electrophoresed on 4—
12% Bis-Tris SDS-PAGE gradient gels using the NuPage system (Invitrogen) and
transferred to nitrocellulose membranes (Invitrogen). Odyssey blocking buffer (LI-COR,;
Lincoln, NE) was used for blocking the membranes and antibody dilution. A rabbit anti-
GSK-3a/p antibody (Cell Signaling Technology: 5676; Danvers, MA, USA) was used to
detect GSK-3a/B, and a rabbit anti-p-actin antibody (Cell Signaling Technology: 4967) was
used to detect p-actin. IRDye 680LT (LI-COR: 926-68021) and 800CW (LI-COR: 926-
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32211) goat anti-rabbit polyclonal secondary antibodies (L1-COR Biosciences) were used
for primary antibody detection. Membranes were first probed for GSK-3a/B, stripped using
LI-COR stripping buffer (LI-COR: 928-40030), and re-probed for B-actin as a loading
control. The LI-COR Odyssey Infrared Imaging System was then used for visualization and
quantification of signals as previously described [10]. For normalization to loading control,
the values for the GSK-3a or § Integrated Intensity (I.1.) bands were divided by the value of
the corresponding B-actin bands for that lane as a loading control.

2.6 Statistics

Statistical analysis (ANOVA, and post-hoc tests) was used to determine the significance of
observed differences between the treatment groups.

3. Results

3.1 GSK-3p Protects Against IFN-y-Reduced HAP1 Cell Viability

To investigate a possible connection between GSK-3 and IFN-y in CML, we chose to use
commercially available CML cells that have been modified to grow attached, i.e. HAP1
cells, and HAP1 cells that had GSK-3p knocked down, i.e. GSK-3p 31bp cells. As shown in
Figure 1, the GSK-3p protein was indeed knocked down in the GSK-3p 31bp cells.
Specifically, there was no band present in the lysates obtained from the GSK-3p 31bp cells
at the molecular weight of the GSK-3p obtained from the HAP1 cells (Figure 1A). The
lower molecular weight band which was present in the lysates from the GSK-3p 31bp cells,
and not the parental HAP1 cells (Figure 1A), likely reflects the presence of truncated
GSK-3p resulting from the CRISPR/Cas9 targeting. Indeed, the 31bp deletion created a start
codon 48bp away from the original start codon. A One-Factor ANOVA revealed that there
was a significant difference in Integrated Intensity among the bands (Figure 1B). A post-hoc
Tukey’s test revealed there was a significantly higher level of GSK-3p in the HAP1 cells (~
3 fold higher) than the GSK-3p 31bp cells while the level of GSK-3a was not statistically
different between the two cell types, demonstrating that GSK-3p was selectively knocked
down in the GSK-3p 31bp cells (Figure 1B). Note that the putative truncated GSK-3p band
present in the GSK-3p 31bp lanes (Figure 1A) was used in this analysis (Figure 1B) and
gives an upper bound on the level of GSK-3p, even if truncated, present in the GSK-38 31bp
cells.

To investigate the effect of IFN-y on the survival of HAP1 and GSK-3p 31bp cells, each cell
type was treated with fresh growth media, or growth media supplemented with 100 U/mL
IFN-vy, or 1000 U/mL IFN-vy for 48 hours. Subsequently, the cells were harvested and
analyzed via the BIO-RAD TC20™ Automated Cell Counter to determine the number of
live cells (Figure 2). A Two-Factor ANOVA with Replication of the data revealed that IFN-y
treatment was a significant factor and that the factors do not interact (Figure 2). A post-hoc
Tukey’s test revealed that there was a significant decrease in the cell count for the 100 and
1000 U/mL IFN-y treatment groups, relative to the 0 U/mL IFN--y control group for both
the HAP1 and GSK-3p 31bp cells (Figure 2). There were significantly fewer GSK-3p 31bp
cells relative to the HAP1 cells for the 1000 U/mL IFN-y treatment groups. The number of
GSK-3p 31bp cells for the 1000 U/mL IFN-vy treatment group did appear to be less than the

Leuk Res. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kauffman et al. Page 7

number of GSK-3p 31bp cells for the 100 U/mL treatment group, but the Tukey’s test did
not reveal a significant difference between the two groups. It is worth noting, however, that
the p value was quite low (0.06) (Figure 2).

3.2 Treatment with IFN-y Significantly Reduces the Adhesiveness of GSK-38 31bp Cells
Relative to HAP1 Cells

Throughout the duration of the above experiments, it was noted that many of the GSK-3
31bp cells treated with IFN-y detached from the surface of the wells after 48 hours. Such
detachment was not prominent for untreated GSK-3p 31bp cells or any of the HAP1 cell
treatment groups. To probe this phenomenon further, we investigated the sensitivity of both
cell types to removal from the substrate (i.e. tissue culture plastic) in a cell detachment
assay. HAP1 and GSK-3p 31bp cells were treated for 48 hours with fresh growth media, or
fresh growth media supplemented with 100 U/mL IFN-vy, or 1000 U/mL IFN-y. After the
48-hour incubation, brightfield images were recorded of the cell monolayers. Subsequently,
a 200 pL micropipette was utilized to dispense fluid over the cells thus imposing a disruptive
fluid force on the adherent cells. Post-exposure to the fluid force, the imaging process was
repeated. ImageJ was utilized to determine the areas occupied by cells in each well prior to,
and after, exposure to the disruptive fluid force. The area occupied by the cells after
exposure to the fluid force was divided by the area occupied before imposition of the fluid
force to arrive at the ratios presented in Figure 3. As shown, application of the disruptive
fluid force significantly decreased the ratio of GSK-3p 31bp cells remaining adherent to the
substrate for either the 100 or 1000 U/mL IFN-y treatment groups relative to the GSK-3p
31bp no treatment group (Figure 3). In addition, for both IFN-vy treatment groups the ratio of
GSK-3p 31bp cells remaining adherent to the substrate was significantly less than the ratio
of HAP1 cells remaining adherent to the substrate. Combined, the data strongly suggests that
treatment with IFN-+y significantly decreases cell adhesiveness in the absence of GSK-3p.

3.3 Fluorescence Microscopy Reveals Evidence that GSK-3p is Protective Against IFN-y
Induced Apoptosis

The above data (Figures 2 and 3) suggest that the IFN-y treatment may induce cell death, in
particular, apoptosis which is often associated with loss of adhesiveness [31] as revealed in
Figure 3. Thus, to explore this further, apoptosis of HAP1 and GSK-3p 31bp cells upon
IFN-y stimulation was studied via fluorescent microscopy. Each cell type was treated with
fresh growth media or fresh growth media supplemented with 1000 U/mL IFN-vy for 48
hours and subsequently analyzed via fluorescent microscopy (Figure 4). A Two-Factor
ANOVA with Replication conducted on the percentage of apoptotic cells revealed that both
cell type and IFN-y treatment were significant factors and that interaction was significant
(Figure 4). A post-hoc Tukey’s test revealed that there was a significant increase in the
percentage of apoptotic cells for the 1000 U/mL IFN-y treatment group compared to the 0
U/mL IFN-vy treatment group for both cell types. The Tukey test also revealed that there was
a significantly greater percentage of apoptotic GSK-3p 31bp cells relative to the percentage
of apoptotic HAP1 cells for the 1000 U/mL IFN-y treatment groups (Figure 4).

Leuk Res. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kauffman et al. Page 8

3.4 Flow Cytometric Analysis Reveals Evidence that GSK-3p is Protective Against IFN-y
Induced Apoptosis

To further probe the effect of GSK-3 on IFN-y-induced apoptosis of model CML cells, we
obtained and utilized an allelic GSK-3p mutant cell line (HZGHC000007c024) and used
flow cytometric analysis to evaluate apoptosis. The obtained cell line (we term GSK-3p 8bp)
has an 8bp deletion in exon 1 of the GSK-B gene, which results in undetectable levels of
GSK-3p via western blot analysis (Figure 5). We treated the parental HAP1 and GSK-3f
8bp cell lines with growth media or growth media supplemented with 1000 U/mL IFN-y for
48 hours. Subsequently, the cells were stained with Alexa Fluor® 488 annexin V and PI, and
then analyzed via flow cytometric analysis. As shown in Figure 6, IFN-y treatment caused
some HAP1 cells to shift to the upper and lower right quadrants suggesting that IFN-y
induced apoptosis and late apoptosis/necrosis [32] in this cell line (Figure 6). A similar, but
more dramatic shift, was observed for the GSK-3 8bp cells (Figure 6). We focused our
further analysis on the IFN-y induced shift of the cells into the lower right quadrant which
represents cells in the early stage of apoptosis [32]. We conducted this experiment three
times and obtained similar results in each experiment (Figure 7). As shown, 48-hour
treatment with IFN-y caused a significant increase in the percentage of cells in the early
apoptosis quadrant for both the HAP1 and GSK-3p 8bp cell lines (Figure 7A). Further, the
IFN-y induced shift in the percentage of cells in the early apoptosis quadrant was
significantly greater for the GSK-3p 8bp cell line compared to the HAP1 cell line (Figure
7B).

4. Discussion

IFN-y has an apparent context-specific role in CML. Held et al. [3], suggested that IFN-y
thwarts the activity of TKIs, in particular by abating induction of apoptosis. Schurch et al.
[5], have reported that cytotoxic T cells secrete IFN-y which induces proliferation of CML
stem cells. In contrast, it is well known that IFN-y, in certain settings, can have pro-
apoptotic properties [8]. Additionally, it has been shown that IFN-y can induce apoptosis in
a diploid cell line derived from a CML patient [9]. In this study we utilized the CML haploid
HAP1 cell line and two HAP1-derived GSK-3p knock down cell lines to probe the potential
interplay between IFN-y and GSK-3p.

We found evidence that, similar to Xia et al. [9], IFN-y induces apoptosis in the HAP1 CML
cell line (Figures 4,6,7). In two different (allelic) GSK-3p-deficient cell lines using
complementary techniques, we found that loss of GSK-3p caused a significant increase in
the percentage of cells expressing the antigen for the apoptosis marker apopxin [using the
GSK-3B 31hp cell line and image analysis (Figure 4)] and annexin V [using the GSK-3p
8bp cell line and flow cytometry (Figures 6 and 7)] suggesting that GSK-3p protects against
IFN-y-induced apoptosis. We also observed that the number of live GSK-3f 31bp mutant
cells present after incubation with 1000 U/ml IFN-vy for 48 hours was significantly lower
relative to the wild type HAP1 cells (Figure 2) again suggesting that lack, or reduced levels,
of GSK-3p predisposes the CML cells to IFN-y-induced death. Finally, there was a dramatic
effect of GSK-3B knock down on the sensitivity of the CML cells to shear post-treatment
with IFN-y (Figure 3). The wild type HAP1 cells remained firmly adherent to the substrate
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under fluid force, while over 80% of the GSK-3p 31bp cells were removed from the
substrate by fluid force post-incubation with IFN-y for 48 hours suggesting that the cells
became less adherent through apoptosis and/or necrosis. Note that GSK-3@ 31bp cells not
treated with IFN-y did not have shear sensitivity and behaved in a similar manner to the wild
type HAP1 cells (Figure 3). Combined, all of the data suggest that IFN-y induces modest
apoptosis of haploid CML cells and this effect is augmented by loss of GSK-3p. Note that
we did investigate the effect of IFN-y on necrosis. The image analysis did indicate that IFN-
y-induced necrosis was augmented in the GSK-3p 31bp cells relative to HAP1 cells (data
not shown). In contrast, the flow cytometric analysis did not reveal a significant
augmentation of necrosis of the GSK-3p 8bp cells relative to the HAP1 cells (data not
shown).

Given these results, the connection between IFN-y and GSK-3p needs to be considered
further. It is informative to recognize that IFN-y has been implicated in being pro-apoptotic
in the cancer cell setting. A comprehensive review of IFN-y’s roles in cancer has been
provided by Castro et al. [8] and, most relevant to this discussion, is their review of the
literature related to apoptosis. The authors cite studies that report IFN-y promoting
apoptosis via mechanisms involving caspases (1,3 and 8) [33,34], Fas and Fas ligand [35]
and TNF-related apoptosis-inducing ligand (TRAIL) [36,37]. Determining if each of these
possible mechanisms, or others not cited, are involved with connections between GSK-33
and IFN-y will take a fairly involved effort. That said, it is insightful to consider in greater
detail GSK-3 and Fas/Fas ligand, since Xia et al. [9], reported that IFN-y induces apoptosis
in a diploid CML cell line via the Fas signaling pathway.

GSK-3’s pro- and anti-apoptotic roles have been recognized for over a decade. Indeed in
2006, Beurel and Jope [23] provided an excellent review of this topic where they ascribed
the anti-apoptotic effects to be primarily involved with the extrinsic apoptotic pathway
involving TNF, TRAIL and Fas. In regard to Fas, Song et al. [24], found that lithium (a
known GSK-3 inhibitor), as well as other GSK-3 inhibitors potentiated Fas-induced
apoptosis of Jurkat cells (a human T lymphocyte cancer line). Combining these observations
suggests the following hypothesis: IFN-y treatment of CML cells induces a low level of
apoptosis through upregulation of Fas/Fas ligand (a conjecture supported by Xia et al. [9]).
When GSK-3 is active, it inhibits the generation of Fas/Fas ligand by the CML cells thus
diminishing this extrinsic apoptotic response (a conjecture supported by Song et al. [24]).
Knock down (or knock out) of GSK-3p potentiates a cellular response to the extrinsic
apoptotic pathway and thus, addition of IFN-vy increases the level of apoptosis in GSK-3p
knocked down cells (Figures 4,6,7).

In conclusion, we have found that IFN-y induces a relatively low level of apoptosis in a
model CML cell line. Genetic knock down of GSK-3p greatly increases IFN-y-induced
apoptosis suggesting that GSK-3p is germane to CML and therapeutic approaches to CML.
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. Role of IFN-vy in apoptosis of Chronic Myelogenous/Myeloid Leukemia

. Glycogen synthase kinase—-3 (GSK-3) has been implicated in cell death and

. IFN-y induces modest apoptosis in a CML cell line

. CML cells in which GSK-3p is knocked down exhibited enhanced IFN-y

. Suggests GSK-3p protects against IFN-y induced apoptosis of CML cells
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Figure 1.
Western blot analysis of GSK-3p/a isolated from HAP1 and GSK-3@ 31bp cells reveals

GSK-3B, but not GSK-3a, is knocked down in the GSK-3p 31bp cell line. (A) Image of
western blot. The top set of red bands in each of the columns labeled 1-6 are GSK-3a
bands, and the bottom set of red bands are GSK-3p bands. Samples in columns 1-3 are from
HAP1 cells, and samples in columns 4-6 are from GSK-3p 31bp cells. p-actin loading
control bands for blot are shown in green. (B) Integrated intensity of bands present in the
western blot. Average integrated intensity of GSK-3 a/p bands isolated from HAP1 (black
bars) and GSK-3p 31bp (grey bars) cells divided by the integrated intensity of the
corresponding pB-actin bands. Note that the putative lower molecular weight truncated
GSK-3p band present in the GSK-3p 31bp lanes was used for this analysis. Error bars
represent standard deviation (n=3). * significantly different at p < 0.05 by Tukey’s test.
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Figure 2.

Live cell count of HAP1 (black bars) and GSK-3p 31bp (grey bars) cells treated with two
different concentrations of IFN-y for 48 hours. The live cell count of HAP1 and GSK-3p
31bp cells treated with 0, 100 or 1000 U/mL IFN-vy for 48 hours, determined in three
separate experiments, were averaged to generate the data presented. Tukey’s test revealed
that there was a significant difference between the 0 and 100 U/ml IFN-vy treatment groups
and the 0 and 1000 U/mL IFN-y treatment groups for both cell types (*p < 0.05). Tukey’s
test also revealed a significant difference between the HAP1 and the GSK-3p 31bp cells for
the 1000 U/mL IFN-y treatment groups (#p < 0.05). Although the Tukey’s test did not
reveal a significant difference for live cell count between GSK-3p 31bp cells treated with
100 and 1000 U/mL IFN--y, a trend of decreasing number of live GSK-3@ 31bp cells was
observed as the treatment concentration increased from 100 U/mL to 1000 U/mL (p = 0.06).
Error bars represent standard deviation (n=3).
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Figure 3.
Sensitivity of cells to a disruptive fluid force. The areas occupied by HAP1 (black bars) and

GSK-3B 31hp cells (grey bars) after IFN-y treatment for 48 Hours and post-exposure to a
disruptive fluid force were divided by the areas occupied pre-exposure. A Tukey’s test
revealed that there was a significant difference between the 0 and 100 U/mL IFN-y
treatment groups and between the 0 and 1000 U/mL IFN-y treatment groups for the GSK-3
31bp cells (*p < 0.05). A Tukey’s test also revealed that there was a significant difference
between the GSK-3p 31bp and HAP1 cells for both the 100 and 1000 U/mL IFN-vy
treatment groups (#p < 0.05). Error bars represent standard deviation (n=2).
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Figure 4.

Effect of IFN-y on apoptosis measured via image analysis. The percentage of HAP1 (black
bars) and GSK-3p 31bp (grey bars) cells treated with 0 or 1000 U/mL of IFN-y for 48 hours
that stained positive for Apopxin Green was determined. A Tukey’s test revealed there was a
significant difference in the percentage of apoptotic cells between the 0 U/mL and 1000
U/mL IFN-vy treatment groups for both cell types (*p < 0.05). The Tukey’s test also revealed
a difference between the percentage of apoptotic HAP1 and apoptotic GSK-3p 31bp cells
treated with 1000 U/mL IFN-y (#p < 0.05).
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Western blot analysis of GSK-3p/a isolated from HAP1 and GSK-3p 8bp cells reveals
GSK-3p, but not GSK-3a, is knocked out in the GSK-3p 8bp cell line. (A) Image of western
blot. The top set of red bands in each of the columns labeled 1-5 are GSK-3a bands, and the
bottom set of red bands are GSK-3p bands. Samples in columns 1-2 are from HAP1 cells,
and samples in columns 3-5 are from GSK-3B 8bp cells. p-actin loading control bands for
blot are shown in green. (B) Integrated intensity of bands present in the western blot.
Average integrated intensity of GSK-3 a/p bands isolated from HAP1 (black bars) and
GSK-3p 8bp (grey bars) cells divided by the integrated intensity of the corresponding f-
actin bands. Error bars represent standard deviation (n=2-3). * significantly different at p <

0.05 by Tukey’s test.
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Figure 6.

Effect of IFN-y on apoptosis measured via flow cytometry. HAP1 and GSK-3f 8bp cells
were treated with media (upper panels) or media supplemented with 1000 U/mL of IFN-y
(lower panels) for 48 hours. Subsequently the cells were stained with annexin V and Pl and
analyzed via two-parameter flow cytometric analysis. A set of dot-plots representative of
three separate experiments are shown. (Supplementary Figure 1 provides representative
figures from the other two experiments). Signals due to annexin V and Pl are on the x- and
y-axes, respectively. Right quadrants are considered shifted for annexin V staining and upper
right quadrant considered shifted for PI staining. Upper right quadrant represents late-
apoptotic/necratic cells and lower right quadrant represents early apoptotic cells [32].
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Figure 7.

Quantification of the effect of IFN-y on apoptosis measured via flow cytometry. (A) HAP1
and GSK-3p 8bp cells were treated with media supplemented with 1000 U/mL of IFN-y
(black bars) or media alone (grey bars) for 48 hours. Subsequently the cells were stained
with annexin V and PI and analyzed via flow cytometry. The percent of cells in the early
apoptosis quadrant (lower right quadrant in Figure 6) was determined. Within an experiment,
a given cell/treatment combination was performed in multiple replicates (n=2-4) and
averaged to give the results presented. (*p < 0.05 by a Sidaks’ multiple comparison test
comparing with and without IFN--y treatment for a particular cell type within an experiment,
i.e. black vs. grey bars for each cell type within an experiment; GSK-3p 8bp is referred to as
8bp in the figure.) (B) The percentage of cells in the early apoptosis quadrant was compared
between the HAP1 and GSK-3p 8bp cells treated with IFN-y. IFN-y treatment resulted in a
greater shift of the percentage of GSK-3p 8bp cells in the early apoptosis quadrant
compared to the HAP1 cells. (#p < 0.05 by t-test comparing HAP1 and GSK-3p 8bp in each
experiment, i.e. open vs patterned bars in each experiment; GSK-3p 8bp is referred to as 8bp
in the figure; Note that for a given experiment and cell type, the average percentage of cells
in the early apoptosis quadrant without IFN-y treatment was subtracted from the percentage
of cells observed in this quadrant with IFN-y treatment to arrive at the data presented in (B).
This correction accounts for the fact that the percentage of cells in the early apoptosis
quadrant without treatment with IFN-y appeared to be somewhat higher for the GSK-3p 8bp
cells compared to the HAP1 cells.)
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