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Abstract

Background: Imatinib mesylate (imatinib) is the first-line treatment for newly diagnosed chronic
myeloid leukemia (CML) due to its remarkable hematologic and cytogenetic responses. We
previously demonstrated that the imatinib-resistant CML cells (Myl-R) contained elevated Lyn
activity and intracellular creatine pools compared to imatinib-sensitive Myl cells.

Methods: Stable isotope metabolic labeling, media creatine depletion, and Na*/K*-ATPase
inhibitor experiments were performed to investigate the origin of creatine pools in MyI-R cells.
Inhibition and shRNA knockdown were performed to investigate the specific role of Lyn in
regulating the Na*/K*-ATPase and creatine uptake.

Results: Inhibition of the Na*/K*-ATPase pump (ouabain, digitoxin), depletion of extracellular
creatine or inhibition of Lyn kinase (ponatinib, dasatinib), demonstrated that enhanced creatine
accumulation in MyI-R cells was dependent on uptake from the growth media. Creatine uptake
was independent of the Na*/creatine symporter (SLC6AS8) expression or ade novo synthesis.
Western blot analyses showed that phosphorylation of the Na*/K*-ATPase on Tyr 10 (Y10), a
known regulatory phosphorylation site, correlated with Lyn activity. Overexpression of Lyn in
HEK?293 cells increased Y10 phosphorylation (pY10) of the Na*/K*-ATPase, whereas Lyn
inhibition or shRNA knockdown reduced Na*/K*-ATPase pY 10 and decreased creatine
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accumulation in MyI-R cells. Consistent with enhanced uptake in Myl-R cells, cyclocreatine (Ccr),
a cytotoxic creatine analog, caused significant loss of viability in Myl-R compared to Myl cells.

Conclusions: These data suggest that Lyn can affect creatine uptake through Lyn-dependent
phosphorylation and regulation of the Na*/K*-ATPase pump activity.

General Significance: These studies identify kinase regulation of the Na*/K*-ATPase as
pivotal in regulating creatine uptake and energy metabolism in cells.
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INTRODUCTION

The defining characteristic of Philadelphia chromosome-positive chronic myelogenous
leukemia (Ph+ CML) is the presence of the Bcr-Abl fusion protein resulting from the
reciprocal translocation of chromosomes 9 and 2212, Ber-Abl protein possesses constitutive
kinase activity and is the principal cause of CML development and progression34. A major
advance in CML cancer therapy was the approval of imatinib mesylate (Gleevec, Novartis),
a 2-phenylaminopyrimidine compound that selectively inhibits the enzymatic activity of the
BCR-ABL protein®®. While imatinib has been extremely successful in the treatment and
management of CML, the development of acquired imatinib-resistance in patients remains a
clinical problem?.

Multiple Ber-Abl-dependent mechanisms contribute to imatinib resistance including
increased transcript and protein expression levels, gene amplification, extra chromosomal
aberrations, and specific point (“gatekeeper”) mutations that sterically inhibit imatinib
binding to the inactive configuration of Ber-AblI8-14. In addition to alterations in molecular
signaling events, Ber-Abl is linked to cellular metabolic alterations that underlie enhanced
cell proliferation and viabilityl®. Hematopoietic cells transfected with Bcr-Abl show
increased GLUT1 transporter expression and glucose uptake®. Metabolomics studies
demonstrated that imatinib treatment alters glucose carbon flux involved in the de novo
synthesis of nucleic and fatty acids thereby limiting Bcr-Abl transformed cells of important
macromolecule substrates essential for proliferationl’. In addition, imatinib treatment also
results in decreased mitochondrial activity1819, reduced glycolytic activity, and
internalization of the GLUT1 transporter in Ber-Abl-positive CML cells that consequently
leads to reduced glucose uptake29-22, |n fact, an important hallmark of imatinib-resistance in
CML cell lines is up-regulated glucose uptake mediated by increased glycolytic activity and
retention of GLUT1 transporters in the cell membrane. The increased glucose metabolism
phenotype in these cell lines is further evidenced by high lactate synthesis and elevations in
phosphocholine, which are believed to support enhanced cell proliferation?3.

Ber-Abl-independent mechanisms such as the overexpression of the Src-family kinase Lyn
or Hck also contribute to imatinib resistance in CML3412.24-26_Our lab previously showed
that increased Lyn activity in imatinib-resistant CML cells (Myl-R) leads to upregulation of
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anti-apoptotic proteins such as Mcl-1 and BIRCS6 resulting in increased imatinib
resistance®6:27.28, Furthermore, using high-resolution NMR spectroscopy to analyze water-
soluble metabolites revealed that in addition to decreased glycolysis, there was a significant
elevation of intracellular creatine in the imatinib-resistant Myl-R cells”2° unlike in
previously studied imatinib-resistant cells'>23. Over 50% of the creatine was in the form of
phosphocreatine under these conditions, and considering its role as a high-energy phosphate
donor, it was speculated that elevated phosphocreatine might confer a survival advantage on
MyI-R cells. In the present study, we investigated the molecular mechanisms involved in the
accumulation of creatine in MyI-R cells. The results of these studies demonstrate that Myl-R
creatine levels were dependent both on Na* -dependent creatine uptake from the media and
the Na*/K*-ATPase activity. Moreover, we now provide evidence for the direct involvement
of Lyn in creatine uptake through phosphorylation and regulation of the Na*/K*-ATPase
pump. Thus, these studies demonstrate a pivotal role for the Na*/K* ATPase pump in
regulating creatine uptake and suggest that increased creatine uptake and metabolism may be
an important cellular adaptation mechanism utilized by the imatinib-resistant CML sub-line
(MyI-R cells).

MATERIALS AND METHODS

Cells, Cell Culture and Reagents

The human chronic myelogenous leukemia cell line, Myl, and its imatinib-resistant sub-line,
Myl-R, were generous gifts from Dr. Hideo Tanaka (Department of Haematology and
Oncology, Hiroshima University, Hiroshima, Japan)8-14. Cells were cultured in culture
flasks suspended in RPMI 1640 medium (Gibco® by Life Technologies™, U.S.A.)
supplemented with 10% fetal bovine serum (Atlanta Biologicals; Norcross, GA), and 1%
antibiotic/antimycotic (Invitrogen; Carlsbad, Ca) as previously described!®29, Cells were
maintained at 37 °C in a humidified 5% CO, atmosphere in concentrations of approximately
0.6x106 cells mL~1. Culture medium was replaced every 2 to 4 days. As originally reported,
MyI-R cells can be maintained in imatinib-free culture medium for up to ~6 months without
a change in their sensitivity to imatinib treatment!2.16. For most experiments described here,
cells were harvested by low-speed centrifugation and washed with cold 1X PBS prior to
lysis.

For the labeled glycine experiments, an additional 10 mg/L 2-13C-glycine (Isotec Inc.,
Miamisburg, OH) was added to the growth medium that already contained 10 mg/L
unlabeled glycine, thereby resulting in a 50% labeled glycine pool. As a control, more
unlabeled glycine was added, resulting in a final concentration of 20 mg/L. Myl and MyI-R
cells were maintained under these culture conditions for 5 days prior to extraction.

Reagents were obtained from the following sources: ponatinib and dasatinib were from LC
Laboratories (Woburn, MA); imatinib was from Selleckchem (Houston, TX). Ouabain,
DMSO, and 3-Guanidinopropionic acid were from Sigma-Aldrich (St. Louis, MO).
Polyethylenimine (P.E.1.) was from Polysciences Inc. (Warrington, PA). The primary human
antibodies used include: SLC6A8 and creatine kinase B (Abcam, Cambridge, MA),
Phospho-Na*/K*-ATPase a1 (Tyrl0), Na*/K*-ATPase, phospho-Src (Y416), PTMScan®
Phospho-Tyrosine (Cell Signaling Technology, CST, Danvers, MA).), Lyn and p-actin (Santa
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Cruz Biotechnology, SCBT, Dallas, TX); with secondary antibodies, anti-mouse and anti-
rabbit IgG-HRP conjugated (Promega {Madison, WI}). The primary antibodies were diluted
following supplier recommendations: 1:200 to 1:1000 in 5% BSA in TBS-T. Secondary
antibodies were diluted at 1:10,000 in 5% dry, non-fat milk in TBS-T.

The Lyn overexpression plasmids {pEGFP-Lyn wild type and -Lyn mutant (Y508F)} were
kind gifts from Dr. Klaus Hahn’s Lab (Department of Pharmacology, UNC-Chapel Hill
School of Medicine, Chapel Hill, NC, U.S.A.). pEGFP-Lyn kinase dead (K275R) was made
from p-EGFP-Lyn-wild type using site-directed mutagenesis.

For experiments examining creatine depletion, cells were grown in RPMI medium
containing 10% heat-inactivated dialyzed FBS (Sigma-Aldrich Company, St. Louis, MO) in
place of normal FBS for 5 days prior to extraction.

Cell Treatments

Approximately 15 x 108 cells were grown and exposed to different drugs to examine the
regulation of creatine uptake. Fewer cells, approximately 2 x 10%, were used in experiments
for immunoblot analyses. Drug dose-response experiments were initially performed with
different compounds to determine the effective concentrations. For ouabain, cells were
incubated in increasing concentrations, starting at 1.0 nM and increased by order of 10 until
the concentration of 10 pM was achieved. Separate populations of the cells were also treated
with dasatinib or ponatinib (Selleckchem), dual Ber-Abl and Src family tyrosine kinase
inhibitors. The creatine competitive inhibitor, 3-Guanidinopropionic Acid (Sigma-Aldrich,
St. Louis, MO), was reconstituted in media (above) and a 30-mM concentration used to treat
MyI-R cells. Cells were treated for 24 hours before metabolite extraction. The drugs/
compounds were reconstituted in incubation media (3-Guanidinopropionic acid), hot,
autoclaved water (ouabain), and DMSO (imatinib, ponatinib, dasatinib); likewise incubation
media, diH,0, and DMSO were also used as the vehicle controls.

Cell Extraction and NMR Sample Preparation

Following cell treatments and incubations, cells were harvested by low-speed centrifugation
and the metabolites were extracted using a cold methanol extraction method, as previously
described”:29, Briefly, the cells were collected by centrifugation and washed three times
with cold PBS. Following removal of the last wash, 500 uL of ice-cold 50% methanol was
added to the cell pellet and vortexed. The cell extracts were then incubated for 30 minutes on
dry ice and then allowed to thaw for 10 minutes on ice. The extracts were clarified by
centrifugation at 16,0009 for 10 minutes at 4° C. The methanol extract (supernatant) was
collected and transferred to a new microcentrifuge tube, while an additional 500 pL of 50%
methanol was added to the pellet for a second extraction. The second 50% methanol extract
was collected and combined with the previous (first) extract. The total cell extract was
evaporated to dryness using a SpeedVac lyophilizer.

Prior to NMR spectroscopy, the evaporated cell extract pellet was dissolved in 600 pL of
D,0 containing 0.5 mM (final concentration) trimethylsilyl-2,2,3,3-tetradeuteropropionic
acid (TSP) and transferred to a 5 mm NMR tube for high resolution NMR analysis. For the
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Myl-R NMR studies on the regulation of creatine uptake, the pellet was suspended in 70 uL
of D,0 containing 0.1 mM TSP.

1D 1H and 2D 1H-{13C} HSQC NMR Spectroscopy

1D 1H NMR spectra characterizing the metabolic differences between Myl and Myl-R cells,
and the MyI-R creatine regulation analysis were acquired at 16.4T using a Varian INOVA
NMR spectrometer (700 MHz 1H, Varian Instruments) equipped with a 5 mm indirect cold
probe. The FIDs were acquired using a one-pulse sequence with a total repetition time (TR)
of 12.65s, number of transients (nt) of 64 and 1024, and a 90° flip angle. 2D 1H-{13C}
heteronuclear single quantum coherence (HSQC) NMR spectra were acquired at 14.1 T
NMR spectrometer equipped with 5 mm indirect HCN probe using 256 increments and zero
filled in f1 and f2 to 4,096 points and with a shifted sine bell apodization.

Spectral Processing, Pattern Recognition and Metabolite determination

All NMR spectra were processed using ACD/1D NMR Manager, version 12.0 (Advanced
Chemistry Development, Inc., Toronto, ON, Canada). Imported FIDs were zero filled to at
least 32,000 points and an exponential line broadening of 0.1 to 1.0 Hz was applied prior to
Fourier transformation. The 2D spectra were processed with Varian software and zero filled
in both dimensions to 4,096 points and subjected to a shifted sine bell apodization. Spectra
were phased, baseline corrected, and referenced to the TSP peak at 0.00 ppm. TSP (at 0.75
ppm and upfield), residual methanol, water, and formate were excluded from binning
process. Metabolite identification and quantification were performed using Chenomx
software (version 6.1; Chenomx Inc., Edmonton, Canada), as previously described (Dewar et
al., 2010).

ShRNA Knockdown of Lyn

PLKO.1 lentiviral vectors containing shRNA directed against Lyn (TRCN0000010101, 04,
05, 06, and 07) or a non-targeting shRNA (shCtrl) were purchased from the UNC Lenti-
shRNA Core Facility. Lentivirus transduction of MYL-R cells with shRNA was done per the
protocol supplied by the RNAi Consortium (http://www.broadinstitute.org/rnai/public/
resources/protocols), and as previously described20-22.27, Briefly, Myl-R cells were seeded
at 5x10° cells/mL in 5 mL growth media containing 8 ug/mL polybrene, and incubated
overnight with 1 mL of anti-Lyn viral ShRNA (shLyn-01, —05, and —06) known to efficiently
knock down Lyn. Non-targeting viral ShRNA (shCtrl) was used as control. Stably transduced
cells were selected for by exposure to 2 pg/mL puromycin in cell culture23:3%, Aliquots of
the cells were harvested one week after selection and immunoblot analyses performed to
confirm Lyn knockdown. The rest of the cells were expanded in puromycin for another one
week to obtain enough cells (~20 x 10%) per condition for NMR analyses of total creatine
pool.

Western Blotting Conditions

Cells were harvested by centrifugation, washed once in cold 1X PBS, and lysed in a
modified RIPA (RIPA, no SDS) buffer (150 mM NaCl, 9.1 mM NayHPQy4, 1.7 mM
NaH,PO4, 1% NP-40, and 0.5% deoxycholic acid; adjusted to pH 7.4) and supplemented
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with 2 mM sodium orthovanadate, 10 mM NaF, 0.0125 uM calyculin A, and Complete
Protease Inhibitor Cocktail (Roche Diagnostics, U.S.A.). The lysates were clarified by
centrifugation and the protein concentrations were normalized using a Bradford assay (BIO-
RAD). Samples for gel electrophoresis were prepared by adding protein lysates to Laemmli
sample buffer (final concentration: 0.25 M Tris pH 6.8, 10% glycerol, 5% pB-
mercaptoethanol, 0.001 pg/mL Bromophenol blue) and 30 pg of protein were loaded into
each well of an SDS-polyacrylamide gel for protein separations. Proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (BIO-RAD) which were then blocked for 1 hr
with 5% non-fat dry milk or 5 % BSA dissolved in Tris-buffered saline supplemented with
Tween-20 (TBS-T). The membranes were then incubated in primary antibodies at 4° C
overnight, washed 3 times with TBST, then incubated with anti-mouse / anti-rabbit 1gG-
HRP conjugated secondary antibodies for 1 hr at room temperature. The membranes were
rinsed 3 times with TBS-T then developed using Clarity™ ECL Western Substrate (BIO-
RAD), and imaged using a ChemiDoc™ Touch Imaging System (BIO-RAD).

Cell Transfection (Lyn overexpression and Na*/K*-ATPase activity)

HEK?293 cells were passaged and split into four 60 mm plates a day before transfection. The
following day, the cells were transfected with Lyn expression vectors: wild type or mutant
('Y508F) or kinase dead (K275R), using polyethylenimine (PEI) transfection reagent
(Polysciences Inc., Warrington, PA). A total of 5 ug DNA was used for each transfection.
The fourth 60 mm plate was transfected with empty vector (mock). The cells were harvested
24 hours after transfection, washed in cold 1X PBS, and lysed in cold Western blot lysis
buffer (above). Western blot analysis was performed as described above to examine the
effect of Lyn overexpression on Na*/K*-ATPase (Tyr10) phosphorylation.

Rubidium Uptake Assay

MyI-R cells were treated with DMSO or dasatinib (1 nM) or ouabain (100 nM). After 24
hours, approximately 106 cells per condition were collected, pelleted and washed in
rubidium-free uptake buffer. Cells were resuspended in uptake buffer supplemented with 5
mM RbCI. Cells from each condition were split into four aliquots and incubated at room
temperature over four time-points: 0, 5, 10, and 15 minutes. Cells were then hydrolyzed in
nitric acid at 70° for 24 hours. Rubidium (Rb*) uptake was measured using inductively
coupled plasma optical emission spectroscopy (ICPOES; Model Optima 4300D, Perkin
Elmer, Norwalk, CT) operated at wavelengths of 240.272w and 349.894 nm.

Cell Viability (MTS Assay)

Myl and Myl-R cells maintained in normal growth medium (10% FBS) or regular media
containing various concentrations of cyclocreatine (CCr), a competitive inhibitor of creatine
known to have high affinity for the Na*/creatine symporter3L. Cyclocreatine was dissolved in
regular cell growth medium at a stock concentration of 100 mM. In triplicate, CCr was
added to 10 x 103/200 pL Myl or MyI-R cells in increasing concentrations in a 96-well
plate. Regular cell culture medium was used as the vehicle control. After 48-hr incubation at
37°C with 5% CO,, cell viability was determined by MTS assay performed according to the
manufacturer’s instructions (CellTiter 96® AQueous One Solution Reagent, Promega,
Madison, WI). The absorbance was read at 490 nm using a SpectraMAX plate reader
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(Molecular Devices, Sunnyvale, CA). Trypan blue exclusion assay was performed using the
Trypan blue reagent, and cells were counted using a hemacytometer (Hausser Scientific,
Horsham, PA). Triplicate counts were obtained and used to determine cell proliferation. Data
was analyzed for significant differences using a paired t-test.

Statistical Analyses

Data are reported as the mean = standard error of the mean (S.E.M); S.E.M. was performed
on all datasets to determine positive and negative error. Two-tailed Student’s #test was used
to make comparisons between groups, and p values below 0.05 at the 95% confidence level
were considered to be statistically significant. Calculations were performed using GraphPad
Prism and Microsoft Excel. Analysis of variance (ANOVA) was used to test whether
differences in intracellular creatine between Myl and MyI-R cells were significant.

RESULTS

Increased steady state levels of creatine in Myl-R cells detected by 1H NMR

1H NMR spectroscopy was used to examine the metabolic differences between the CML cell
line Myl and its imatinib-resistant counterpart, Myl-R12:29, Consistent with our previous
study, the 1D 1H NMR spectra obtained from Myl and MyI-R cell extracts demonstrated
increased levels of intracellular creatine in the Myl-R cells (Supplementary Fig. 1B)
compared to Myl cells (Supplementary Fig. 1A). We observed the 1H and 13C chemical
shifts of the creatine methyl group (*) at 3.023 ppm and 39.56 ppm respectively, and the two
protons of the methylene group (**) at chemical shifts of 3.93 ppm and 56.57 ppm
respectively (Supplementary Fig. 1B). To verify the identity of creatine, 2D 1H-{13C}
HSQC NMR was performed on the Myl-R cell extracts and this confirmed the creatine
signal by correlating the 1H and 13C resonances (Supplementary Fig. 1, inset).

De novo synthesis does not account for elevated creatine levels in Myl-R cells

To determine if de novo synthesis was contributing to the elevated levels of creatine
observed in Myl-R cells, Myl and MyI-R cells were maintained in total growth medium
(RPMI + 10%FBS) with or without the addition of 2-13C-glycine for 5 days. Glycine and
arginine are required for the de novo biosynthesis of creatine, therefore, incubation with
2-13C-glycine, results in creatine labeled at the 2-position through this two-part reaction
(Fig.1A)32,

After 5 days, the cells were harvested, metabolites extracted, and *H NMR spectra of each
cell extract were obtained. Following incubation in medium containing 50% 2-13C-glycine,
the percent incorporation of labeled glycine in the cell extracts was found to be 31.3 + 4.1%
and 31.0 + 2.6% for Myl and MyI-R cells, respectively. These data indicate that there were
no statistically significant differences in the ability of each cell type to synthesize labeled
creatine de novo. Shown in Fig. 1B are the stacked 1H NMR spectra from Myl-R cells
incubated with (blue) or without (black) labeled 2-13C-glycine. The proton peaks
representing the unlabeled (}2C) glycine and creatine were observed at 3.56 and 3.93 ppm,
respectively. As expected, satellite peaks from 2-13C-glycine were only observed in Myl-R
cells incubated with labeled glycine (blue line). However, no satellite peaks were observed

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okumu et al. Page 8

associated with creatine under these conditions indicating that de novo synthesis does not
account for the elevated creatine levels observed in Myl-R cells.

Media creatine is a major source of intracellular creatine in both Myl and MyI-R cells

Since de novo creatine synthesis was not higher in Myl-R than Myl cells, we examined
whether uptake from the cell culture medium was a potential source of elevated creatine in
MyI-R cells. IH NMR analysis of RPMI and RPMI + 10% FBS media indicated that FBS is
a significant source of creatine with an average concentration of 37.4 + 3.04 uM (data not
shown). Dialyzed FBS (dFBS) is depleted of creatine and other small molecules, including
growth factors, cytokines, and metabolites. Incubating Myl and MyI-R cells in RPMI
medium supplemented with 10% dFBS resulted in a significant decline in creatine in both
cell types (Fig. 2). Addition of 100 uM creatine to dFBS containing culture medium
significantly restored the total creatine pool (creatine and phosphocreatine) in the Myl cells
to basal levels, and significantly increased (p<0.1) the total creatine pool in Myl-R cells,
nearly 2-fold greater compared to Myl-R cells incubated in RPMI + 10% FBS (Fig. 2).

The creatine transporter and creatine kinase B protein levels are comparable in Myl and
Myl-R cells

Creatine is imported into the cell through the SLC6A8 transporter. Brain type creatine
kinase (creatine kinase B, CKB) phosphorylates creatine to generate phosphocreatine, a
source of high-energy phosphate for ATP generation in low-energy states33. CKB is
expressed mainly in the brain, but is also found expressed in other tissues. Overexpression of
CKB has been observed in many tumor types and has been linked to adverse prognostic
outcomes34. Hence, we compared the protein levels of both the creatine transporter
(SLC6A8) and CKB by Western blotting to determine if differences in these proteins
contributed to the increased total creatine pool observed in MyI-R cells (Figure 2, Figure 3A,
and Supplementary Fig. 1B). These analyses showed that SLC6A8 and CKB protein levels
were comparable in Myl and MyI-R cells (Fig. 3A), suggesting that the observed increase in
total creatine pool was independent of the expression levels of these two proteins.

Role of the Na*/ K*-ATPase in regulating creatine uptake in Myl-R cells

Since our data indicated that the total creatine pool in Myl-R cells was dependent on uptake
from the media, we examined possible mechanisms for this regulation. Creatine uptake is
mediated by a Na* /creatine symporter, SLC6A832:35-37 and is dependent on gradients of
both Na* and CI~ ions38. Thus we tested whether creatine uptake was dependent on the
activity of the Na*™-K*-ATPase pump in MyI-R cells (Fig 3B). MyI-R cells were incubated
with increasing concentrations of ouabain, a glycoside that has been shown to bind and
inhibit the Na*-K*-ATPase3°. As expected, oubain significantly (p<0.05) depleted the total
creatine pool in Myl-R cells at 100 nM or greater concentrations (Fig 3C). Similar results
were obtained with digitoxin, another well-established Na*/K*-ATPase inhibitor (data not
shown). A rubidium uptake assay further confirmed that these drug treatments directly
inhibited the Na*/K*-ATPase activity (Fig 3D). Compared to DMSO treatment, 1 nM
dasatinib and 100 nM ouabain significantly lowered Rb uptake in Myl-R cells (Fig 3D).
These studies demonstrate an important role of the Na*/K*-ATPase activity in affecting
creatine levels in Myl-R cells.
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Role of Lyn in mediating creatine uptake in Myl-R cells

Lyn has been shown to be an important tyrosine kinase for the survival of Myl-R
cells12:30.27.28 \mmunoprecipitation data showed that Lyn is able to bind in a complex with
the Na*/K*-ATPase pump resulting in phosphorylation and activation of the pump?#0-42,
Specifically, phosphorylation of the a-subunit of the Na*/K*-ATPase on tyrosine 10 (pY10)
is critical for the enzyme’s pumping activity#142. To test the potential involvement of Lyn in
the regulation of the Na*/K*-ATPase, Myl-R cells were incubated with dasatinib, a broad
tyrosine kinase inhibitor known to inhibit Lyn, and the intracellular creatine pool measured.
Compared to DMSO, dasatinib substantially reduced the total intracellular creatine pool in
MyI-R cells (Supplementary Fig. 2A). Western blot analyses were used to compare both Lyn
activation (as measured by pY416) and Na*/K*-ATPase a—1 activation (as measured by
pY10) in Myl and MyI-R cells. As reported earlier}2:30, hoth total Lyn and phospho-SFK
(pY416) were higher in the Myl-R compared to the Myl cells (Fig 4A). Phospho-Nat/K*-
ATPase a—1 (pY10) was also substantially higher in Myl-R compared to Myl cells whereas
total Na*/K*-ATPase protein was comparable in the two cell lines (Fig 4A). Ponatinib, a
more selective Ber-Abl and Lyn inhibitor?”:43, inhibited Lyn activity (pY416) and
significantly reduced the amount of creatine in MyI-R cells (Fig 4C & Fig 4B). While
phospho-Na*/K*-ATPase a—1 (pY10) was substantially reduced by this treatment, neither
the total amount of the Na*/K*-ATPase nor the SLC6A8 protein was substantially affected
(Fig 4C). Incubation of Myl-R cells with dasatinib or ouabain resulted in ~65% and ~95%
inhibition of creatine uptake respectively (Supplementary Fig. 2B).

To further study the role of Lyn in creatine uptake, we developed a lentiviral ShRNA system
to investigate the effects of Lyn knockdown. While three knockdown constructs (shLyn-01,
-05, and -06) were equally effective at reducing Lyn as determined by Western blot
analyses (Fig 4E), two constructs (shLyn-01 and —06) were selected for further studies.
Next, the total intracellular creatine pool was measured as described above. As observed
with Lyn inhibition (Fig 4B), Lyn knockdown substantially reduced the amount of
intracellular creatine observed in these cells compared to the vector control (Fig 4D).
ShLyn-06, the shRNA construct most effective at reducing Lyn protein, was also the most
effective at reducing intracellular creatine levels (Fig 4D). These data further support the
requirement of Lyn for mediating creatine uptake in Myl-R cells.

Since tyrosine 10 has been identified as a key phosphorylation site involved in regulating the
Na*/K*-ATPase pump activity244, we examined the effects of Lyn knockdown on the
phosphorylation of this site using a commercially available antibody (anti-phospho-Na*/K*-
ATPase al (pY10)), Cell Signaling Technology). Lyn knockdown substantially reduced
phosphorylation of the Na*/K*-ATPase pump on tyrosine 10 (pY10), consistent with
inhibition of Lyn activity (Fig 4E).

Overexpression of Lyn in HEK293 cells increased Na*/K*-ATPase al tyrosine
phosphorylation (pY10)

Since our data suggested that Lyn was involved in phosphorylating and regulating the Na*/K
*-ATPase in MyI-R cells, we further examined if expression of active Lyn was capable of
phosphorylating the Na*/K*-ATPase in HEK293 cells. Overexpression of wild type (WT)
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Lyn or a constitutively active (Y508F) Lyn in HEK293 cells resulted in substantial increase
in phospho- Na*/K*-ATPase a1 (pY10). Phospho-STAT5A (pY694), a known marker of
Lyn activity, was strongly increased in HEK?293 cells expressing constitutively active
(Y508F) Lyn. By comparison, the kinase dead (K275R) (KD) Lyn did not increase the
phosphorylation of this protein over control (bEGFP) (Supplementary Fig. 3). Taken
together, these data are consistent with Lyn catalyzing the phosphorylation and activation of
the Na*/K*-ATPase pump.

Inhibitors of creatine uptake reduce cell viability

We next investigated the effect of intracellular creatine depletion on cell viability.
Cyclocreatine (CCr) is a creatine analog with high affinity for the Na*/creatine symporter3!
that is rapidly transported and phosphorylated like creatine, thereby, competing with
phosphocreatine function. Myl and Myl-R cells were treated for 48 hours with increasing
concentrations of CCr and cell viability was calculated as a percentage of the cells
maintained in normal media only (0 mM CCr), as described in Materials and Methods.
Under normal culture conditions (0 mM CCr), the percent of viable Myl and MylI-R cells
remained unchanged after 48 hours. By contrast, CCr caused a dose-dependent loss in cell
viability over the 48-hr period for both the Myl and MyI-R cells as shown in Figure 5. The
loss in viability was significantly higher for the Myl-R compared to the Myl cells in
response to 12.5, 25, and 50 mM CCr treatment for 48 hours (Fig 5). In addition to
suggesting that MyI-R cells have a higher creatine uptake than Myl cells, these studies show
that creatine may be necessary for maintaining cell viability. Similarly, we tested the effect
of 3-Guanidinopropionic Acid (3-GPA), a creatine analog®®, on creatine uptake by Myl-R
cells. Treatment of MyI-R cells with 3-GPA (30 mM, 24 hrs.) reduced total intracellular
creatine pool ten-fold, comparable to untreated Myl cells (Supplementary Fig. 4). MTS
assay studies following treatment of Myl-R cells with increasing concentrations of 3-GPA
revealed loss in cell viability at =30 mM concentrations (data not shown), confirming the
importance of creatine uptake and metabolism for the viability of these cells.

Discussion

Similar to that originally reported by Ito et al., studies from our lab have confirmed that Lyn
kinase is a major driver of drug resistance and cell survival in Myl-R cells12:27:28_ Since
these studies also demonstrated a substantial accumulation of creatine (and phosphocreatine)
in Myl-R cells, the objective of the current study was to investigate the molecular basis for
this difference. A second goal was to determine if increased creatine accumulation was
important for MyI-R viability. Lastly, we sought to determine if hyperactivation of Lyn in
MyI-R cells contributed to the increased accumulation of creatine in these cells. The results
of these studies demonstrate three important findings. First, we established that the
accumulation of creatine in MyI-R cells was dependent on uptake from FBS added to
extracellular media, and was not derived from de novo synthesis. Second, our data
demonstrated an essential role for Na*/K*-ATPase activity in creatine uptake in Myl-R cells
and provided evidence for Lyn-dependent tyrosine phosphorylation of this protein. Our
results also suggest that the increased accumulation of creatine (and phosphocreatine) may
be crucial for maintaining MyI-R cell viability.
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Multiple mechanisms are known to contribute to the development of imatinib-resistance in
CML. While mutations in Bcr-Abl are frequent, additional mechanisms of resistance are
now established, including hyperactivation of Lyn or Hck kinases and overexpression of
anti-apoptotic proteins!2.24-28.3046 The development of second and third generation
inhibitors targeting these kinases, in addition to Ber-Abl, has been promising. Despite these
clinical advances, the exact mechanisms by which Lyn or other Src family kinases contribute
to acquired drug resistance are poorly understood. The data presented in this study suggest
that Lyn contributes to altered cell metabolism through the regulation of creatine uptake.

The MyI-R cells are a well characterized model system to investigate the role of Lyn kinase
in imatinib resistancel2. Our phosphoproteomics analyses also revealed changes in tyrosine
phosphorylation of the Na*/K*-ATPase in a manner consistent with Lyn activation and
inhibition (upon ponatinib treatment)?’. Western blot analyses for phospho-Na*/K*-ATPase
(pY10) confirmed Lyn-dependent changes in the phosphorylation of this protein (Fig 4 and
Supplementary Fig. 3), and consistent with studies demonstrating the importance of pY 10,
inhibition or knockdown of Lyn reduced the uptake of creatine in Myl-R cells (Fig 4B and
Fig 4D). While our studies focused on Lyn, the dominant Src family kinase in Myl-R cells, it
is possible that other Src family kinases can also phosphorylate and regulate the Na*/K*-
ATPase in other cell types.

Metabolic reprogramming is a hallmark of a variety of human cancers?48-50_ While high
levels of creatine and phosphocreatine have been reported in human breast®1:52 and
colorectal33 cancers, the roles of these high-energy metabolites on drug resistance have not
been extensively explored. Tokarska-Schlattner et a/. showed that phosphocreatine interacts
with plasma membrane phospholipids thereby altering membrane structure in ways that not
only protect against various insults, but also influence the physiological role(s) of the
membrane®3. While our previous studies demonstrated that Myl-R cells contained elevated
creatine2?, the current study suggests that this may exert a protective effect that contributes
to enhanced cell viability or anti-apoptosis. Even though the specific role of creatine
depletion on mitochondrial function was not investigated, we previously showed that Lyn
knockdown in Myl-R cells reduced mitochondrial membrane potential and increased
caspase-3/7 activity?’. Though outside the scope of this study, our data is consistent with
other studies that have shown the creatine/phosphocreatine system is protective against
apoptosis by regulating mitochondrial oxidative phosphorylation®*. Additionally, the
creatine/phosphocreatine system acts as an ATP buffering system where excess ATP in the
cell is abstracted by creatine (Cr) to produce pools of phosphocreatine (PCr), a high-energy
reservoir used by the cell when needed. Thus, the system functions to ensure energy/ATP
homeostasis in the cell>®56, We did not, however, observe a significant shift in imatinib
response when MyI-R cells were treated with combinations of imatinib and 3-GPA,
suggesting that creatine depletion in the presence of inhibitor of apoptosis proteins (1APSs)
was not sufficient to drive the MyI-R cells into apoptosis (data not shown). This may
possibly be due to the fact that Myl-R cells express a high amount of BIRC6, which inhibits
caspase-dependent cell death?’.

To determine their effects on creatine uptake, Myl-R cells were also treated with dasatinib
and bryostatin 1, therapeutic agents also used in the treatment of CML57:58, Bryostatin is a
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regulator of protein kinase C (PKC), and both PKC and protein kinase A (PKA) have been
reported to phosphorylate the a-subunit of the Na*/K*-ATPase on serine and threonine
residues. However, phosphorylation on these residues probably does not account for the
basal phosphorylation level of this protein in Myl-R cells*2. Treatment of Myl-R cells with
bryostatin increased the total intracellular creatine levels compared to the DMSO control
(Supplementary Fig. 2A). Conversely, data from dasatinib and ouabain treatments indicate
that both agents inhibited creatine uptake by ~65% and ~95% respectively (Supplementary
Fig. 2B). Given that dasatinib is a Lyn inhibitor and ouabain inhibits the Na*/K*-ATPase
pump, our data suggest that Lyn can mediate creatine regulation in Myl-R cells through
regulation of the Na*/K*-ATPase pump. Taken together, these data suggest that targeting
Lyn or other kinases that regulate the Na*/K*-ATPase may have therapeutic potential in
treating drug-resistant CML or other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased intracellular creatine in Myl-R cells is due to uptake from cell media, and not
de novo synthesis.

(A) Glycine and arginine are required for the biosynthesis of creatine in a two-part reaction.
Myl and Myl-R cells were maintained in total growth medium with or without the addition
of 2-13C-glycine for 5 days. (B) Analysis of 1H NMR spectra of each cell extract revealed
that there was no statistically significant difference in percent incorporation of labeled
glycine in the cell extracts from Myl and MyI-R cells. Whereas satellite peaks from 2-13C-
glycine were only observed in Myl-R cells incubated with heavy glycine, satellite peaks
associated with creatine were not observed under these conditions. The data shown are
representative of three independent experiments.
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Figure 2. Media creatine is responsible for observed differences in intracellular creatine levels

between Myl and MyI-R cells.

Myl and MylI-R cells were cultured in RPMI medium supplemented with 10% dialyzed FBS
(dFBS) and intracellular creatine concentrations analyzed as described in Materials and
Methods. Compared to cells cultured in RPMI supplemented with 10% FBS, there was
significant reduction in creatine observed in both cell lines. Addition of 100 UM creatine to
the dFBS-containing media restored creatine in Myl cells to normal levels and increased
creatine levels in MyI-R cells by ~2-fold over that observed with 10% FBS-containing
media. Approximately 50 x 108 Myl or MyI-R cells were cultured in RPMI media
supplemented with 10% dFBS five days prior to extraction. Creatine was added to 10%
dFBS to a final concentration of 100 uM two days prior to extraction. Cells were harvested
and metabolites extracted for 1H NMR analysis of total intracellular creatine. Metabolites
for Myl and MyI-R cells cultured under normal conditions (10% FBS) were similarly
analyzed for comparison. Error was determined as deviation from the mean of all data from
three independent experiments. The error bars reflect the SEM. (See Statistical Analysis in
Methods.)
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Figure 3. The Na*/K*-ATPase pump is required for creatine uptake by MyI-R cells.
(A) Creatine kinase B (CKB) and SLC6AS8 protein levels were compared in Myl and Myl-R

cells by Western blotting. Arrowhead represents cross reactivity with an off-target protein of
unknown origin. (B) A model diagram depicting creatine uptake and subsequent
phosphorylation by CKB to generate phosphocreatine. (C) Treatment of Myl-R cells with
increasing concentrations of ouabain significantly reduced total intracellular creatine in a
dose-dependent manner as determined by 1H NMR analysis. Myl-R cells were treated for 24
hours with increasing concentrations of ouabain and *H NMR used to measure total creatine.
(D) Treatment of Myl-R cells with dasatinib (1 nM) or ouabain (100 nM) significantly
reduced rubidium (Rb) uptake as determined using the Rb uptake assay. Rb* uptake
measurements were performed courtesy of Dr. Andrew Ghio’s lab (EPA, UNC Chapel Hill,
NC). The data presented in this figure are averages of three independent experiments, and *
represents p < 0.05.
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Figure 4. Lyn regulates the Na*/K*-ATPase phosphorylation and creatine uptake in Myl-R cells.
(A) Western blotting showed that tyrosine phosphorylation of Lyn and the Na*/K*-ATPase

was higher in Myl-R compared to Myl cells. (B) Lyn inhibition significantly reduced the
total creatine pool in Myl-R cells. Approximately 15 x 108 MyI-R cells were treated for 1
hour with DMSO or ponatinib (10 nM) and total intracellular creatine determined using 1H
NMR as outlined in Materials and Methods. Control (DMSQ) MyI-R cells were similarly
analyzed for comparison. (C) Western blotting confirmed that Lyn inhibition reduced the
phosphorylation of Lyn (pY416) and the Na*/K*-ATPase (pY10). Arrowhead represents
cross reactivity with an induced 75-80 kDa off-target protein of unknown origin. (D and E)
Lyn knockdown significantly reduced Na*/K*-ATPase phosphorylation and the total
intracellular creatine pool in Myl-R cells. Approximately 15 x 10% MyI-R cells were
infected with lentiviral particles containing shRNA directed against Lyn (shLyn-01,
shLyn-06) and intracellular creatine levels measured. Lyn shRNA constructs (shLyn-01,
shLyn-05, and shLyn-06) reduced Na*/K*-ATPase and Lyn phosphorylation. The data are
the averages of three independent experiments, and * represents p < 0.05.
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Figure 5. Cyclocreatine treatment significantly reduced Myl-R cell viability.
Treatment of MyI-R cells with cyclocreatine (CCr) significantly reduced cell viability in a

dose-dependent manner compared to Myl cells. Myl and MyI-R cells were treated for 48
hours with increasing concentrations of CCr. Cell viability was determined in triplicate using
the MTS Assay as described in Materials and Methods. The data is representative of three
independent experiments.
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