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Abstract

Cell-membrane lipid composition can greatly influence biophysical properties of cell membranes,
affecting various cellular functions. We previously showed that lipid synthesis becomes altered in
the membranes of resistant breast cancer cells (MCF-7/ADR); they form a more rigid,
hydrophobic lipid monolayer than do sensitive cell membranes (MCF-7). These changes in
membrane lipids of resistant cells, attributed to epigenetic aberration, significantly affected drug
transport and endocytic function, thus impacting the efficacy of anticancer drugs. The present
study’s objective was to determine the effects of the epigenetic drug 5-aza-2’-deoxycytidine
(DAC), delivered in sustained-release nanogels (DAC-NGs), on the composition and biophysical
properties of membrane lipids of resistant cells. Resistant and sensitive cells were treated with
DAC in solution (DAC-sol) or DAC-NGs, and cell-membrane lipids were isolated and analyzed
for lipid composition and biophysical properties. In resistant cells, we found increased formation
of Cholesterol-Sphingomyelin (CHOL-SM) rafts with culturing time, whereas DAC treatment
reduced their formation. In general, the effect of DAC-NGs was greater in changing the lipid
composition than with DAC-sol. DAC treatment also caused a rise in levels of certain
phospholipids and neutral lipids known to increase membrane fluidity while reducing the levels of
certain lipids known to increase membrane rigidity. Isotherm data showed increased lipid
membrane fluidity following DAC treatment, attributed to decrease levels of CHOL-SM rafts
(lamellar beta [Lg] structures or ordered gel) and a corresponding increase in lipids that form
lamellar alpha structures (L, liquid crystalline phase). Sensitive cells showed marginal or
insignificant changes in lipid profile following DAC-treatment, suggesting that epigenetic changes
affecting lipid biosynthesis are more specific to resistant cells. Since membrane fluidity plays a
major role in drug transport and endocytic function, treatment of resistant cells with epigenetic
drugs with altered lipid profile could facilitate anticancer drug transport to overcome acquired
drug resistance in a combination therapy.
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Introduction

Cell-membrane lipids play a crucial role in such cellular functions as cell signaling,!
regulation of membrane trafficking,? transmembrane protein function (e.g., P-
glycoprotein),3 apoptotic pathways,* drug transport,® and endocytosis.® The role that cell-
membrane characteristics such as lipid composition and membrane biophysical properties
(rigidity/fluidity) play in cell-membrane trafficking and the membrane’s role in different
diseases is only beginning to be known.’

Multidrug resistance is a major clinical issue in anticancer drug therapy. Changes in lipid
composition and the biophysical properties of membrane lipids have been implicated in drug
resistance in several cell lines.8-12 We recently reviewed the role of membrane lipids in
cancer progression and drug resistance.13 In our previous studies, we demonstrated that
composition and biophysical characteristics of membrane lipids of drug-resistant breast
cancer cells (MCF-7/ADR) are significantly different than that of drug-sensitive cells
(MCF-7). The lipids of resistant cells contained hydrophobic lipids and formed a more rigid
monolayer than the lipids of sensitive cells.> The rigid nature of the resistant cell membrane
impaired endocytic function, thus influencing the effect of Doxil, a commercial liposomal
formulation of doxorubicin, whereas hydrophobic lipids partitioned doxorubicin in the
membrane, thus influencing its transport and hence efficacy.® Similarly, several other drug-
resistant cell lines have been reported to show changes in lipid composition and biophysical
properties of membrane lipids, but the role of these factors in drug transport and efficacy has
not been investigated in depth.14-15

A common feature in acquired drug resistance is high levels of sphingomyelin (SM) and/or
cholesterol (CHOL); these lipids can form “raft” regions that increase lipid packing density
and lower fluidity, thus restricting drug transport.> 14-15 We and others have previously
shown that higher SM levels in resistant breast cancer cells is due to methylation silencing
of the gene for the enzyme sphingomyelinase (SMase); hence, the basal activity of SMase
(which hydrolyzes SM) is lower in resistant cells than in sensitive cells.5 16 In this study, we
analyzed changes in lipid composition and the impact of such changes on biophysical
properties of cell-membrane lipids with sustained DAC effect in nanogels (NGs) (DAC-
NGs) in resistant (MCF-7/ADR) cells. Our hypothesis was that DAC-NGs due to better and
sustained delivery than with DAC-sol would effectively alter lipid biosynthesis, which
would also influence the biophysical characteristics of resistant cell-membrane lipids. Our
data show greater effect of DAC-NGs than DAC-sol in depleting CHOL-SM rafts from
resistant cells whereas the effect of DAC treatment was marginal on the lipid profile of
sensitive cells.

Experimental

Sphingomyelin (SM) was purchased from Avanti Polar Lipid (Alabaster, AL).
Ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane (Tris),
ammonium hydroxide, diethyl ether, toluene, dimethyl sulfoxide, n-hexane, benzene, N-
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isopropylacrylamide, vinyl pyrrolidone, sodium dodecylsulfate, sodium acrylate, N,N’-
cystamine bisacrylamide (S-S, a disulfide crosslinker), ammonium persulfate, maleic
anhydride and 5-aza-2’-deoxycytidine (decitabine; DAC), cholesterol (CHOL) were
purchased from Sigma-Aldrich (St. Louis, MO). Doxorubicin hydrochloride was purchased
from Drug Source Co. LLC (Westchester, IL). Poly(ethylene glycol) (M.W. ~5000) was
purchased from Polysciences, Inc. (Warrington, PA). Hydrochloric acid, sodium chloride,
isopropanol, petroleum ether, glacial (water-free) acetic acid, ethanolic phosphomolybdic
acid, copper sulfate pentahydrate, 98% sulfuric acid, 85% orthophosphoric acid of reagent
grade, and chloroform, methanol, and isopropanol of high-performance liquid
chromatography grade were purchased from Fisher Scientific (Pittsburgh, PA).

Nanogel synthesis and DAC loading

Cell Culture

Nanogels (NGs) based on N-isopropylacrylamide (700 mg) were synthesized using an
emulsion polymerization technique in the presence of poly(ethylene glycol)-maleic
anhydride polymer (100 mg) using vinyl pyrrolidone (100 mg) as co-monomer, sodium
dodecylsulfate (200 mg) as surfactant, ammonium persulfate as initiator, and N,N’-
cystamine bisacrylamide as crosslinker, at 70 °C for 6 h, as per our previously described
method.}” DAC was loaded into previously formed NGs by adding DAC (300 L, 8.1
mg/mL dimethyl sulfoxide) to NGs (30 mg) dispersed in 6 mL of water, followed by 3 h
stirring at 4 °C. The NG suspension was dialyzed for 30 min in a cold room to remove the
unentrapped DAC; the above time for dialysis was determined sufficient to remove free
DAC. The DAC-loaded NGs were then lyophilized over two days at —48 °C, 3.5 Pa, using
FreeZone 4.5 (Labconco Corp., Kansas City, MO). The various conditions for synthesis of
NGs and DAC loading were optimized in our previous study.1” The amount of DAC loading
in NGs was determined using high-performance liquid chromatography (HPLC) and NGs
were characterized for mean particle size in water using dynamic light scattering at a
scattering angle of 90° at 25 °C and zeta potential in the phase analysis mode and the current
mode at a scattering angle of —14° (NICOMP™ 380 ZLS, Particle Sizing Systems, Santa
Barbara, CA). DAC-NGs were typically 244 nm in hydrodynamic diameter (polydispersity
index =0.11) with zeta potential of =19 + 1.0 mV, and DAC loading of 6.4 + 0.4% w/w.17
Sustained antiproliferative effect of DAC-NGs as compared to DAC-sol in various cancer
cell lines including in MCF-7/ADR was shown in our previous study.l’ Release of DAC
from NGs in vitro could not be carried out because of its instability in an aqueous medium at
physiological temperature.18

Doxorubicin-resistant breast cancer (MCF-7/ADR) cells were grown in Dulbecco’s
modified Eagle’s (DMEM) supplemented with 15% fetal bovine serum (Gibco BRL, Grand
Island, NY) and 100 pg/mL penicillin G and 100 pg/mL streptomycin at 37 °C in a
humidified and 5% CO2 atmosphere. Sensitive cells were cultured in Eagle’s minimum
essential medium supplemented with Earle’s salts, L-glutamine, 100 ug/mL streptomycin,
10% fetal bovine serum. These conditions were determined optimal for normal growth of
sensitive and resistant cells. The difference in amount of fetal bovine serum used for
culturing resistant and sensitive cells are not expected to have any effect on their cell
membrane lipid composition. Cell culture media used to culture both cell lines were
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obtained from the Central Cell Services’ Media Laboratory of our institution. Resistant cells
were cultured with media containing 100 ng/mL of doxorubicin after every two passages to
maintain drug resistance.

DAC Treatment

Both resistant and sensitive cells were cultured in 150 x 25 mm culture dish (BD
Biosciences, San Jose, CA) at a seeding density of 5 x 108 cells per dish in 25 mL of cell
culture media. The cells were allowed to attach for 24 h prior to receiving different
treatments. Cells were either treated with a single dose of DAC-sol or DAC-NGs (equivalent
to 50 ng/mL DAC). This dose of DAC was selected because it was found to be nontoxic to
these cells in our previous study.® Untreated group either received no treatment or control
NGs (without DAC). No further doses of DAC were added or medium was changed. The
cells were harvested at each time post-treatment (1, 5 and 8 d) first by washing cells with
ice-cold D-PBS and then scraping them into 10 mL of cold-sterile water using a cell scraper
(Corning, Inc., Lowell, MA). Water was used for scrapping cells to avoid the effect of salts
in the buffer in isolating and purification of lipids. Typically, cell suspensions from six
dishes were combined for each treatment and time point to obtain enough lipid for lipid
analysis and isotherm. The cells were centrifuged at 1,300 rpm for 7 min at 4 °C (Sorvall
Legend RT centrifuge, Thermo Fisher Scientific, Waltham, MA). The resulting cell pellet
was suspended in 3 mL of sterile water. The suspension was lyophilized for 48 h as
described above. The lyophilized cell mass was stored at —80 °C until used for lipid
extraction. Each experiment was carried out in triplicate for each treatment and time point.

Lipid Extraction

Lipids from the lyophilized cell mass were extracted by using a modified Bligh and Dyer
method, as described in our previous study.® Briefly, the lyophilized cell mass was dispersed
in Ny-purged deionized water (3 mL) to which a 10.2 mL mixture of methanol:chloroform:1
M HCI (23:10:1 v/v/v) was added. The mass was vortexed for 1 min and the container kept
in an ice bath for 15 min to obtain a monophasic cell mass suspension. To the monophasic
cell mass suspension, 3 mL chloroform and 3 mL of 0.1 M HCI were added and the
materials vortexed to obtain a biphasic cell mass suspension. The biphasic cell mass
suspension was separated by centrifugation at 3,500 rpm at 0 °C for 5 min (Sorvall Legend
RT centrifuge). The organic phase from the bottom was collected carefully using a glass
syringe and placed in a 30 mL glass vial (Fisher Scientific). The organic phase was then
mixed with 3 mL of sodium chloride-Tris-EDTA buffer mixture (0.1 M NaCl, 0.1 M EDTA,
and 0.05 M Tris buffer; pH 8.2). The extraction protocol was repeated from the remaining
aqueous phase to ensure the complete recovery of the lipids. The above two buffer-organic
phase extracts were combined, vortexed, and centrifuged as above to separate the organic
phase-containing lipids. The organic phase with lipids was mixed with isopropanol (organic
phase:isopropanol (15:1 v/v) and stored at =20 °C until used for protein separation, as
described below.

Phospholipid Extraction

Phospholipids were extracted from the total lipid mixture by means of solid phase
extraction.19 In brief, the total lipid extract was dissolved in 1.0 mL of n-hexane and
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transferred into a preconditioned silica gel-bonded column (Supelclean LC-Si, 6 mL
volume, 1 g sorbent; Supelco (Sigma-Aldrich), Bellefonte, PA). The silica gel-bonded
column was preconditioned by rinsing the packed column with 10 mL of n-hexane. First,
fatty acids from the lipid extracts were removed by rinsing the column with 10 mL of a
diethyl ether:n-hexane mixture (1:4 v/v). Then hydrocarbons, CHOL esters and
triacylglycerols were removed by eluting the column with 18 mL of a 2-
propanol:chloroform mixture (1:2 v/v). Finally, phospholipids were eluted with 10 mL of
methanol followed by 10 mL of a chloroform:methanol:water mixture (3:5:2 v/v/v). The
phospholipid fraction collected was evaporated to dryness in a rotary evaporator, as
described above. The residue was dissolved in chloroform (200 pL) for phospholipid
quantification, as described below.

Lipid Analysis

CHOL and SM levels in lipids from resistant cells were quantified by HPLC using an
evaporative light-scattering detector (Shimadzu Scientific Instruments, Inc., Columbia, MD)
and N, as a nebulizing gas.1® The following method parameters were used: an HPLC
column (100 mm x 4.6 mm, macropore size 2.1 pm and mesopore size 13 nm (Chromolith
Performance Si HPLC column, EMD Millipore, an affiliate of Merck KGaA, Darmstadt,
Germany); column temperature, —25 °C; mobile phase A, methanol:chloroform:ammonia
solution (19.5:80:0.5 v/v/v); mabile phase B, methanol:chloroform:triethylamine:water
(25.5:69.5:0.49:4.4, viviviv); flow rate, 1 mL/min; injection volume, 10 pL; nebulizer
temperature, 50 °C; detector gain, 6. The method parameters were optimized by using a
mixture of phospholipids for HPLC analysis. Separation of SM and CHOL from
phospholipids was achieved by the following gradient elution method, in which solvent B
was increased from 0% to 40% within 5 min after which B was kept constant at 40% for 2
min. B was then increased from 40% to 100% within the next 6 min, after which B was kept
constant for 7 min. B was decreased from 100% to 0% within 5 min; a post-run of 5 min
was done to equilibrate the column before the next injection. The quantification of CHOL
and SM was carried out by a pre-drawn calibration curve.

In addition, lipids were analyzed by high-performance thin-layer chromatography (HPTLC)
technique since it is difficult to analyze all the lipids present in membrane lipid extracts
using HPLC, either due to problems in identifying different peaks, separation of peaks,
and/or non-availability of different lipid standards for identification and quantification lipids
in a sample. HPTLC is semi-quantitative but can identify different lipids based on their
retention time. In a typical experiment, HPTLC plates (10 cmx10 cm, Sigma-Aldrich) were
preconditioned by drying at 140 °C for 30 min. To the HPTLC plate, a 5 pL aliquot of lipid
extract solution (5 mg/mL) was added at a distance of 1 cm from the bottom of the plate.
The mobile phase was allowed to run in a trough chamber containing 50 mL of the mobile
phase for a distance of 8 cm. Post run, plates were dried under N, gas for 15 min. Different
mobile phases and staining procedures were used to separate and identify neutral lipids,
phospholipids and ceramides from the lipid extracts. For instance, phospholipids were
separated by using a mobile phase consisting of a mixture of
methanol:chloroform:water:ammonia (75:120:6:2 v/v/v/v) and identified by immersing them
in a copper sulfate solution for 5 s, followed by heating at 140 °C for 30 min. Neutral lipids
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were separated by a mobile phase consisting of diethyl ether:petroleum ether:glacial acetic
acid (20:80:1 v/v/v) and marked by using 5% ethanolic phosphomolybdic acid solution,
followed by heating at 140 °C for 30 min. Ceramides were separated by a mobile phase
consisting of methanol:toluene (3:7 v/v) and stained with iodine vapor.

Biophysical Characterization

A Langmuir balance (Minimicro, KSV NIMA [Biolin Scientific], Helsinki, Finland) was
used to study the surface pressure — area (w — A) isotherms of lipid mixtures. In general, to
obtain the w — A isotherm, 2.5 UL of a chloroform:methanol (4:1 v/v) solution of cell-
membrane lipids extracted as above (5 mg/mL) was added dropwise (~0.5 pL) onto the
Dulbecco’s phosphate-buffered saline (D-PBS) subphase (pH 7.4) in the trough using a
Hamilton digital microsyringe (Hamilton Co., Reno, NV). After waiting for 10 min to allow
the chloroform to evaporate, the barriers were compressed at the rate of 5 mm/min until the
collapse of the membrane.

The changes in biophysical characteristics of resistant cell-membrane lipids with culturing
time and following treatment with DAC were assessed using the following parameters: Ay’
(the extrapolated % trough area), membrane fluidity, mmayx (Mmaximum surface pressure
before the collapse of the monolayer) and % trough area at mmnax. Ag’ is the minimum area
required by all the lipids in the trough to form closest packing in the monolayer at the solid
condensed/liquid condensed (SC/LC) phase. Ag' is arrived at by measuring the % trough
area that corresponds to the slope of the SC/LC phase at zero surface pressure. Ag’ is
inversely proportional to lipid packing density. The membrane fluidity is arrived at by
calculating surface compression modulus, which characterizes the lipid monolayer’s
resistance to compression at the interface, from the surface pressure (SP) — area (w — A)
isotherm data, as described in our previous studies.® The membrane fluidity is inversely
proportional to compression modulus. A high myax indicates a high degree of adsorption of
the lipids at the interface. Therefore, similarity in mnax and % trough area at mmx can be
used as a measure to assess similarity of composition between two lipid mixtures.

Statistical Analysis

Results

Data are expressed as mean + standard error of mean. Statistical analyses were performed
using one-way analysis of variance.

Analysis of cholesterol and sphingomyelin levels with culturing time and following
treatment with DAC

Analysis of resistant cell-membrane lipids by HPLC showed significant increase in SM
content but marginal change in CHOL content with culturing time (Figure 1Aa and c).
Greater increase in SM levels than CHOL levels with culturing time is clearly evident when
the data are plotted as a ratio of SM:CHOL levels (Figure 1Ae).

While analyzing the effect of DAC treatment, we noticed that control NGs (without DAC)
also seem to show marginal effect on CHOL and SM content with culturing time when
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compared with untreated cells (Figure 1Aa, ¢, e; p=N.S.), but the normalized data with
respective controls (i.e., cells treated with DAC-sol vs. untreated cells and cells treated with
DAC-NGs vs. cells treated with control NGs) showed a greater effect of DAC-NGs than
DAC-sol in lowering SM and CHOL levels (Figure 1Ab, d). The data thus indicate
reduction in CHOL-SM rafts following treatment of resistant cells with DAC (Figure 1Ab,
d) and the effect of DAC-NGs is greater than with DAC-sol (Figure 1Af). Sensitive MCF-7
cells did not show any significant change in CHOL or SM content with culturing time or
following treatment with DAC (Figure 1Ba, b).

Analysis of levels of phospholipids and neutral lipids following treatment with DAC

Treatment of resistant cells with DAC with the data normalized to respective controls
showed a trend towards decrease in total phospholipid levels and increase in total neutral
lipids but the effect of DAC treatment in sensitive cells was marginal and transient (Figure
2). Detailed lipid analysis by HPLTC showed that, most noticeably, three phospholipids,
phosphatidylethanolamine (PE, Figure 3c vs. d), phosphatic acid (PA, Figure 3g vs. h), and
cardiolipin (CL; Figure 3i vs. j) and three neutral lipids triglyceride (TG, could be a
unknown lipid as well, Figure 4e vs. f), 1,2-diacylglycerol (1, 2-DAG; Figure 4g vs. h), and
an unknown neutral lipid (Figure 4i vs. j) were present in resistant cells but not in sensitive
cells.

Treatment of resistant cells with DAC partially reversed the trend in changes in some of the
individual phospholipids and neutral lipids with culturing time. The increase in the levels of
phosphatidylcholine (PC, Figure 3a) and CHOL esters (CE, Figure 4a) or decrease in the
levels of PA (Figure. 3g) and 1,3-diacylglycerol (1,3-DAG; Figure 4c) with culturing time in
untreated resistant cells was reversed following treatment with DAC. Interestingly, certain
lipids, which were not present in resistant cells prior to DAC treatment, were seen following
the treatment. Particularly, prior to the treatment, TG (Figure 4e) and 1,2-DAG (Figure 4g)
were not detectable in resistant cells but were seen following the treatment. Further certain
lipid in resistant cells that did not change with a definitive trend with culturing time or
followed a particular trend when treated with DAC. For instance, PE (Figure 3c) and CL
(Figure 3i) levels increased, whereas phosphatidylserine (PS, Figure 3e) levels decreased
after treatment. The most noticeable changes seen with DAC treatment were decrease in PC
(Figure 3a), CEs (Figure 4a), TG (Figure 4e), 1,2-DAG (Figure 4g) and PS (Figure 3e) or
increase in PA (Figure 3g), 1,3-DAG (Figure 4), PE (Figure 3c) and CL (Figure 3i) when
compared with untreated cell lipids. Sensitive cells, on the other hand, did not show changes
in phospholipid or neutral lipid levels or followed a certain trend with culturing time or with
DAC treatment (data collected up to 5 days in MCF-7 cells) (Figure 3 and 4).

Characterization of biophysical changes in membrane lipids with culturing time and
following treatment with DAC

The isotherm of the resistant cell lipids showed a liquid expanded phase followed by an
SC/LC phase with compression prior to collapse. The isotherm of the resistant cell lipids
extracted at day 5 post culturing was seen to traverse through the isotherms of the lipids
extracted on days 1 and 8 post culturing, indicative of gradual changes in the lipid profile
with culturing time (Figure 5a). The Ay (extrapolated SC/LC phase area [at zero surface
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pressure]) reflects that the packing density for the untreated resistant cell lipids decreases
with culturing time (Ag’ on days 1, 5 and 8 is at 60%, 44% and 50%, respectively) (Figure
5a). The change in compression modulus of lipids extracted at different time points shows
decrease in lipid membrane fluidity at physiological SP 7 ~30 mN/m with culturing time.20
However, at SP 7 ~25 mN/m where the transition was seen, the order was day 1 less than
day 5; and day 5 similar to day 8. The different parameters compiled from the isotherms of
resistant cell lipids showed significant changes with culturing time, but overall data from the
changes in Ay’ and compression modulus indicate that both lipid packing density and
membrane fluidity of resistant cell-membrane lipids increase (Figure 5a and b) with
culturing time (Table 1). The isotherms of sensitive cell lipids were not characterized, since
there were no significant changes in lipid composition with culturing time or following
treatment with DAC. However, in our previous studies where resistant and sensitive cells
were treated with DAC-sol for 24 h showed marginal changes in biophysical characteristics
of membrane lipids of sensitive cells but significantly greater for resistant cells.®

Effect of DAC treatment on the biophysical characteristics of lipids from resistant cells

The isotherms of the resistant cell lipids following treatment with DAC (both DAC-sol and
DAC-NGs) showed higher Ay’ (lower packing density, less compact) compared with the
corresponding untreated cells (Figure 6a and c; Table 1); however, the effect of DAC-sol in
increasing Ay’ diminished with culturing time. The isotherms of resistant cell lipids
following treatment with DAC-NGs showed only a small but significant decrease in Ay’
(increase in lipid packing density on day 8 post treatment; Figure 6e; Table 1) compared
with untreated cell lipids, despite the effect of control-NG itself showed a decrease in Ag' to
a large extent (decrease in lipid packing density) compared with the untreated cell lipids
(Figure 6e; Table 1). The most interesting finding was that resistant cell lipids treated with
control NGs showed a much lower Ay’ than untreated cells lipids at all culturing times
(Figure 6a, c and e; Table 1). The compression modulus data (both at m = 25 and 30 mN/m)
of resistant cell lipids following treatment with DAC-sol showed an increase in membrane
fluidity (Figure 6b; Table 1) only on the first day of the treatment (Figure 6d and f; Table 1).
Both DAC-NGs treated and control-NGs treated resistant lipids compared with
corresponding untreated cell lipids (Figure 6b, d and f; Table 1) showed a sustained increase
in membrane fluidity until day 8 post-treatment.

Discussion

In view of their geometry, which resembles a cone and an inverted cone, CHOL and SM
together can form closely packed structures resembling a cylinder, which together form Ly
(ordered gel bilayer structures.?1-22 These tightly packed Ly structures enforce a higher
structural rigidity (high lipid packing density) and lower lateral fluidity to the cell
membrane.23 These Lg structures in lipid membrane are referred to as rafts.24 In our study,
resistant cell-membrane lipids showed significantly increased levels of SM with culturing
time which can form CHOL-SM rafts (Figure 1A). Interestingly, lipids of sensitive cells
show only marginal change in CHOL-SM levels with culturing time (Figure 1B). The point
to be noted here is that CHOL and SM levels in resistant cell lipids were analyzed by HPLC
whereas those in sensitive cells lipids using HPTLC, hence their relative levels in sensitive
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and resistant cells cannot be compared. This is because HPLC analyzes the absolute amount
of a particular lipid in total lipids whereas HPTLC provides a relative amount, based on
band intensity and depending upon which lipids are detectable. Therefore, in this study, it
appears that CHOL and SM content is similar in both resistant and sensitive cells (Figure 1A
vs. B). However, in our previous studies, where lipids in both cell lines were analyzed using
the same HPTLC method, CHOL and SM levels were significantly lower in sensitive cells
than in resistant cells,® which is consistent with the literature data.2> Despite the use of
different methods, the overall observation that DAC treatment has marginal effect on SM or
CHOL levels of sensitive cells whereas resistant cells show significant changes remains
unchanged (Figure 1A vs. B).

Since cell membranes require both high lateral fluidity and structural rigidity for their
function and survival,2 the high packing density and lower fluidity in resistant cell
membranes, induced by the CHOL-SM rafts, must be compensated for with other lipids that
lower lipid packing density and increase fluidity to cell membranes. Hence, as culture time
increased, resistant cells also showed an increase in certain phospholipids, particularly PS
and PC (Figure 3), which can form L, (liquid crystalline phase) to counter high lipid
packing density and lower fluidity enforced by rafts.21-22. 27 |t is known that L, structures
are relatively more fluid than Lg structures.23 Although the geometry of PS and PC
resembles a cylinder, these lipids do not form Lg structures because of the presence of
unsaturated acyl chain in the hydrophobic groups that resists formation of closely packed
structures.?3 It is also possible that the presence of excess CHOL that did not form rafts with
SM, along with a small but significant increase in two other cone-shaped lipids, PE (Figure
34, ¢) and CE (Figure 4a) can increase membrane lipid fluidity substantially as they have
rigid hydrophobic tails (in CHOL and CE) or well branched tails (in PE) that do not allow
the formation of closed packed structures?1=23 28 and are incompatible with L structures.?3
The isotherm data of resistant cell lipids with culturing time showed an increase in lipid
packing density as determined from the changes in Ag but also an increase in membrane
fluidity, which is evident from the decrease in compression modulus (Table 1). Thus the
competing phenomena are happening with culturing time, i.e., increase in CHOL-SM raft
structures that increase lipid packing density and hence increased membrane rigidity but at
the same time there is also increased synthesis of lipids (e.g., PE, PC, CE) that increases
membrane fluidity. Despite increased membrane fluidity with culturing time, it is most
likely that resistant cells become more resistant as they divide due to increasing levels of
CHOL-SM rafts, which can markedly influence drug transport.2

The most conspicuous effect of DAC treatment on resistant cells was a simultaneous
decrease in CHOL and SM content with culturing time (Figure 1Aa—d), and hence resulting
in decrease in the levels of CHOL-SM rafts (Figure 1Ae—f). The effect of DAC-NGs sol in
lowering levels of CHOL-SM rafts was greater than DAC-sol which could be because of the
instability of DAC in culture medium (half-life =~17 h) (Figure 1Ab) 30 whereas DAC-NGs
stabilizing and facilitating DAC delivery is more effective (Figure 1Ae, f). In our previous
studies, we have demonstrated that DAC-NGs is more effective in inhibiting proliferation of
MCF-7/ADR and other cancer cells (resistant leukemia and melanoma cells), whereas the
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effect of DAC-sol was transient, suggesting that NG formulation protects the enclosed load
of DAC, thereby enhancing its effect.1’

Although control-NGs showed marginal effect on lipid levels when compared with untreated
cells, it had no effect on the levels of CHOL-SM rafts (Figure 1A). We speculate that
unusually higher lipid packing density and also fluidity in the control NG-treated cell lipids
compared with the untreated cell lipids (Figure 6) is probably a consequence of some
polymeric chain segments of NGs or NG fragments following their disintegration are
adsorbed on the lipids. Another explanation may be that these segments could interfere with
the lipid packing density by altering electrostatic repulsion between the head groups of the
lipids. However, DAC-NGs apparently seems to be less effective in increasing lipid fluidity
(compression modulus of DAC-NG vs. control-NG= 26 vs. 16 mN/m respectively on day 8
post treatment; Table 1). Considering that there is no significant difference in physical
characteristics (size and zeta potential) of control NGs and DAC-NGs,1/ it is hard to explain
the unusual effect of control NGs. However, it is possible that cellular interactions and
uptake of control NGs and DAC-NGs could be different.

Control NGs might mainly remain adhered to the cell membrane because of their
bioadhesive property whereas DAC-NGs might internalize due to the effect of DAC (Figure
1A). As discussed earlier, resistant cell membrane lipids are more resistant to endocytic
uptake and treatment with DAC can regain their endocytic function due to changes in the
lipid profile.b Since the treatment of resistant cells with DAC-NGs alters CHOL-SM rafts
and other lipids suggesting their intracellular uptake to influence lipid biosynthesis. Control
NGs on the other hand may remain with the lipids even after going through the extraction
procedure, affecting lipid-lipid interactions and hence biophysical properties of lipid
membrane properties. Further studies looking at cellular uptake of control NGs and DAC-
NGs in resistant cells could explain the effect of control NGs and DAC-NGs on biophysical
properties of membrane lipids.

The overall effect of DAC treatment, based on the isotherm and lipid analysis data, was a
decrease in lipid packing density (Figure 6a, ¢ and d) due to lowering levels of rafts and an
increase in membrane fluidity (6 b, d and f) due to decrease in lipids that form L, structures
(PC, PS and CE)?3 and increase in lipids (PE and PA) that form nonlamellar structures. The
nonlamellar structures of PE and PA can promote endocytosis in resistant cells, the primary
mechanism of uptake of NP-based drug delivery systems.® Further, since treatment with
DAC-NGs lowers SM levels more than CHOL levels (Figure 1e and f), the relative
concentration of CHOL will be higher in resistant cells following DAC-NG treatment,
which by itself can disrupt the raft structures because of the incompatibility of CHOL (a
cone-shaped lipid) and Lg raft structures.3!

A higher reduction in levels SM than of CHOL following DAC-NG treatment of resistant
cells would be expected to decrease lipid packing density and increase fluidity, and this
assumption was corroborated from our isotherm data (Table 1). A particularly noticeable
effect of altered lipid levels in resistant cells induced by DAC treatment was (a) an increase
in the total levels of phospholipids, which have been reported to play a major role in drug
transport by modulating drug diffusion across the cell membrane,32 as well as in sorting
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mechanisms in endocytosis33 and (b) decreases in levels of CHOL-SM rafts, which can lead
to increased drug permeation,>® lowered P-glycoprotein activity associated with drug
efflux,3* and increased ceramide formation on the cell membrane, all of which are key
factors in reversing drug resistance in cancer cells.13

Our data indicate there is a significant difference in the composition of the membrane lipids
of sensitive vs. resistant cells (Figures 1-3). It is interesting to note that several lipids, not
present prior to DAC treatment, do appear following treatment. Thus, it may be that genes
for SMase, which are known to be silenced in resistant cells,16 are not the only genes
affected; genes for several other lipids (e.g., PE, PA, CL, phosphatidylinositol, and 1,2-
DAG) may be silenced as well (Figures 3—4). Most noticeable are the lipids responsible for
facilitating drug transport and endocytic function,? suggesting that the adoptive epigenetic
mechanism of cancer cells is to protect themselves from the cytotoxic effects of anticancer
drugs by altering lipid synthesis to prevent internalization such drugs as the cells develop
drug resistance.

Densely packed lipids are resistant to the bending required for budding that is essential for
the formation of curved membranes during endocytosis,3® the primary mechanism of uptake
of nanoparticle-based drug delivery systems.® Increase in the concentration of non-lamellar
lipids like PE/PA lipids can facilitate budding, thereby increasing endocytosis following
treatment of resistant cells with epigenetic drugs.3” Specifically, decrease in SM and an
increase in PE density facilitate the biomechanical torque needed to generate membrane
budding, thereby increasing endocytosis.3” In our recent study, we determined biomechanics
and thermodynamics of nanoparticle interactions of different surface properties with
resistant and sensitive cell membrane lipids and how that translates to cellular uptake of
nanoparticles. Our data demonstrated that it is not only the surface of nanoparticles but also
membrane fluidity plays a significant role in cellular uptake of nanoparticles and their
subsequent escape from endosomes. Confocal imaging data using membrane and endosomal
markers demonstrated significantly greater uptake and escape of nanoparticles in sensitive
cells than in resistant cells, as membrane rigidity of resistant cells affected the uptake and
subsequent escape of nanoparticles from endosomes.38

Multidrug resistance is a multifactorial phenomenon. The major known mechanisms of drug
resistance include, reduced drug influx, increased drug efflux via permeability glycoprotein
(P- P-gp),39-40 drug entrapment in intracellular vesicles,*1~42 and altered or defective
apoptotic pathways. Most of these mechanisms are associated with change in membrane
lipids composition. The reduced drug influx has been shown to be related to phospholipid
levels and also CHOL-SM rafts. In our work, a particularly noticeable effect of altered lipid
levels in resistant cells induced by DAC treatment was an increase in the total levels of
certain phospholipids and neutral lipids, which have been reported to play a major role in
drug transport by modulating drug diffusion across the cell membrane,32 as well as in
sorting mechanisms in endocytosis.32 The decrease in CHOL-SM rafts (L structures)
following DAC-NG treatment is expected to allow better permeation of drugs across lipid
membranes, which otherwise might get entrapped due to hydrophobic interactions and drug
partitioning in membrane.
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The P-gp activity is shown to be dependent on the cholesterol and SM levels.*3-45 P-gp was
reported to be more active when localized in lipid rafts rich in SM and CHOL than outside
the rafts.*6 We have recently reported that DAC-treated resistant cells show reduced level of
P-gp than in entreated resistant cells, thus signifying the lipid membrane composition on P-
gp activity. © Based on our data from this work, we infer that the sustained depiction of
CHOL-SM rafts following DAC-treatment to resistant cells also results in depletion or
reduced in P-gp activity.®

The drug sequestration in intracellular acidic compartments, such as lysosomes, recycling
endosomes and the trans-Golgi network has been known.47-4% However, recent reports show
that the negatively charged lipids like PS present in the inner leaflet show diminished head
group charge at acidic pH.5%-51 The diminished head group charge leads to formation of
close packed structures due to decreased electrostatic repulsion between head groups, which
hinder drug diffusion from acidic intracellular compartments.3: 50-51 |n our work, DAC-NG
treatment to resistant cells decreases negatively charged lipid- PS level in a sustained
manner but increases the lipid levels of PA (also negatively charged). However
quantitatively, decrease in PS levels is more than increase in PA levels. Thus it is
conceivable that the decrease in PS levels will help diffusion of drugs from acidic
compartments.

Thus there could be multiple mechanisms via which changes in lipid composition following
treatment with epigenetic drugs can overcome drug resistance. Hence, it would be of further
interest to determine how effective DAC-NG would be in overcoming drug resistance if
administered in combination with other anticancer drugs by regaining drug transport or
endocytic function. NGs can potentially protect DAC from rapid metabolism and clearance
thus enhancing its efficacy to treat different cancers either alone or in combination therapy.

Conclusions

Overall, our results demonstrate that (a) the lipid profile of resistant cells (but not sensitive
cells) changes with culturing time; (b) the effect of DAC treatment on changes in lipid
profile is more specific in resistant cells than in sensitive cells, indicating that epigenetic
changes are responsible for altered lipid synthesis in resistant cells; and (c) the effect of
DAC is greater with DAC-NGs than with DAC-sol. The increased fluidity of membrane
lipids following DAC treatment may facilitate drug transport and that could be a key means
of overcoming drug resistance.
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DAC 5-aza-2’-deoxycytidine (decitabine)

DAC-NG DAC in nanogel formulation

DAC-sol DAC in solution

1,2-DAG 1,2-diacylglycerol

1,3-DAG 1,3-diacylglycerol (1,3-DAG

EDTA Ethylenediaminetetraacetic acid

HPLC High-performance liquid chromatography

HPTLC High-performance thin-layer chromatography

PA Phosphatic acid

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PS Phosphatidylserine

SC/LC Solid condensed/liquid condensed

SM Sphingomyelin

SMase Sphingomyelinase

SP Surface pressure

TG Triglycerides

Tris Tris(hydroxymethyl)aminomethane
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Figure 1. Analysis of levelsof CHOL and SM with culturing time and following treatment with
DAC

Resistant (A) and sensitive cells (B) were treated with either DAC in solution (DAC-sol) or
in nanogels (DAC-NGs) (50 ng/mL). Lipids were extracted at different time points post
treatment and analyzed for CHOL and SM. CHOL and SM levels from resistant cells were
analyzed using HPLC whereas those in sensitive cells were analyzed using HPTLC. Data
were normalized to the respective controls, and changes are shown as percent reduction in
CHOL and SM levels with culturing time and after treatment with DAC. Panel B shows
analysis of sensitive cell lipids for CHOL (a) and SM levels (b) with culturing time and
following treatment with DAC. Each experiment was carried out in triplicate and data are
shown as mean £ s.e.m., n = 3, *p < 0.05, between the respective untreated and treated
groups in Figure 1A(a, c, e) and Figure 1B(b, d, f) between groups treated with DAC-sol vs.
DAC-NGs.
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Figure 2. Changesin total phospholipids and neutral lipidswith culturing time and following
treatment with DAC in resistant and sensitive cells

Percent change in phospholipids (a, b) and neutral lipids (c, d) in resistant vs. sensitive cells
following treatment with DAC-NGs or DAC-sol. Phospholipids and neutral lipids isolated at
different time points post treatment were analyzed using HPTLC and data were normalized
to the respective controls to calculate the percent change from the respective controls
(Control NGs or culture medium). Data are mean + s.e.m., n = 3. Data are not significantly
different between DAC-NGs vs. DAC-sol.
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Cells were treated h with DAC (50 ng/mL) either as DAC-sol or DAC-NGs. Lipids were
extracted at different time points and analyzed by HPTLC. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; PA, phosphatic acid; CL, cardiolipin.
Data are shown as mean + s.e.m., n = 3. *p < 0.05 between respective untreated and treated
groups. Not all p-values are marked in the figure but they are as follows: Figure 3a, c and e,
p-values between untreated day 1 vs. untreated day 5, untreated day 5 vs. untreated day 8

and untreated day 1 vs. untreated day 8 are significant. In Figure 3g, p-values between

untreated dayl vs. untreated day 5 and untreated day 1 vs. untreated day 8 are significant. In

Figure 3i, p-values between untreated day 1 vs. untreated day 5 are significant.
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Figure4. Analysis of levels of different neutral lipidswith culturing time and following

treatment with DAC

Cells were treated with DAC (50 ng/mL). Lipids were extracted at different time points and
analyzed by HPTLC. Data are shown as mean £ s.e.m., n = 3. *p < 0.05 between respective
untreated and treated groups. DAC-sol, DAC in solution; DAC-NG, DAC in nanogel; CE,
cholesterol esters; 1,2 DAG/1,3 DAG, 1,2-/1,3-diacylglycerol; TG, triglyceride(s). Not all p-
values obtained between lipid levels of untreated resistant cells at different time points are
not shown but are as follows: In Figure 4a, c and e, p-values between untreated day1 vs.
untreated day 5, untreated day 5 vs. untreated day 8 and untreated dayl vs. untreated day 8
are significant. In Figure 4d p-values between untreated day1 vs. untreated day 5 are

significant.
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Figure5. Biophysical characterization of membrane lipids of resistant cells
The compression isotherm (m - A) (a) and compression modulus (b) of membrane lipids

extracted at different time points. The lipids were spread at different SPs, then compressed
at 5 mm/min. The compression modulus was calculated from 7 - A isotherm data using Cs™1
= —A* (dr/dA). The data showed an increase in lipid packing density and fluidity with
culturing time.
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Figure 6. Effect of DAC treatment on biophysical characteristics of membrane lipids of resistant

cells

The compression isotherms (n-A) (&, ¢, €) and compression modulus (b, d, f) of membrane
lipids extracted at different time points with DAC treatment (DAC-sol or DAC-NGS) or

control (Control NGs or culture medium).
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