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Barriersto productive transfection of trabecular meshwork cells
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Purpose: A critical function of trabecular meshwork cells is to degrade cellular debris, including DNA. We hypothesize
that low transfection efficiencies of primary human trabecular meshwork (HTM) cell cultures with plasmid DNA are a
function of retained capacity to efficiently degrade exogenous DNA in vitro.

Methods: To determine mechanisms responsible for low transfection efficiencies of cultured HTM cells, steps of DNA
entry into cytoplasm and nucleus were characterized. Following synchronization with sequential serum starvation and
serum reintroduction, the HTM cell cycle was characterized using 5-bromo-2-deoxyuridine incorporation into replicating
DNA. HTM cells were transfected during S-phase with plasmid DNA encoding green fluorescence protein (GFP) or
plasmid DNA conjugated with Cy3. In some experiments, cells were treated with a DNase | inhibitor, 100 nM
aurintricarboxylic acid. Uptake of plasmid DNA was measured by intracellular fluorescence of Cy3 and productive trans-
fection efficiency was measured by intracellular fluorescence of GFP.

Results: HTM cells enter S-phase between 18 and 20 h after synchronization. Plasmid DNA reached the cytosolic com-
partment in 95% of transfected cells, regardless of synchronization. Synchronization dramatically increased productive
transfection efficiency in HTM cells, from 3.0 to 9.0%. DNase | inhibition increased productive transfection efficiency of
HTM cells two fold.

Conclusions: Cultured HTM cells have a lower transfection efficiency than other primary ocular cell cultures, likely due
partially to cytoplasmic digestion of DNA. We suggest that the difficulties in transfecting cultured HTM cells may be
related to the filter function of the cells in vivo where the cells must degrade exogenous DNA.

The conventional drainage pathway of the human eyeid DNA must cross the plasma membrane into the cytosol,
consists of the trabecular meshwork (TM) and Schlemm’s cané2) DNA must traverse the cytosol without being degraded or
(SC). The juxtacanalicular (JCT) region of the TM and/or themislocalized, (3) DNA must cross the nuclear membrane so
inner wall of SC provide the primary resistance to aqueouthat transcription machinery can be utilized and, (4) transcrip-
humor outflow and generate intraocular pressure [1,2]. Propéion must occur [15]. Although different promoters can be
functioning of these two components depends on efficieremployed to optimize transcription, the first three steps are
upstream filtration of aqueous humor by TM cells on lamellamore difficult to address and are the focus of this paper. When
beams [3]. When the inner TM, the filter, is overloaded wittHTM cells are transfected, efficiency, as evidenced by protein
exfoliation material, pigment, or DNA (frequently found in expression, is extremely low. Possible explanations for this
the aqueous humor [4-6]), the JCT, TM, and SC inner walbbservation include decreased capacity to take up exogeneous
(the resistor) become impaired and intraocular pressure risB8\NA, increased capacity to degrade exogenous DNA in the
[2,7]. Efficient filtration is made possible by the unique archi-cytosol, decreased ability to permeate the nuclear membrane,
tecture of the TM, which mixes aqueous and maximizes ther a combination of all three.
cell surface area coming in contact with debris in the aqueous In the present study we explore these possibilities. We
humor. Upon contact, human (H) TM cells remove debris froninypothesize that difficulties in transfecting HTM cells may
the aqueous humor by phagocytosis [8] and neutralize peroke related to the filter function of HTM cells in vivo, and that
ides and oxygen free radicals using intracellular enzymes [HTM cells in culture, like their in vivo counterparts, retain a
12]. high capacity to efficiently take up and degrade exogenous

Characterizing phagocytic behavior and other responsBNA. To test this hypothesis, we monitor the entry of plasmid
bilities of HTM cells has been largely accomplished in cul-DNA into the cytoplasm and nucleus of HTM cells under dif-
tured cells [13,14]. One obstacle in using cultured HTM cellderent conditions. We show that HTM cells readily take up
as models to study outflow physiology has been low expre€dNA into their cytoplasm, however HTM cells are extremely
sion of heterologous proteins by HTM cells after transfectiorinefficient at expressing the transfected protein. In order to
with plasmid DNA. When examined in the most basic wayjncrease the utility of transfected primary cultures, this study
there are four main barriers to efficient expression: (1) plagdentifies two complementary ways to increase productive
transfection efficiency of HTM cells.
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lium (HRPE), were isolated from human cadaver eyes anbly agarose gel electrophoresis and spectrophotometry. The day
used in the present study. Cadaver eyes were obtained frgorior to transfection experiments, plasmid DNA encoding GFP
the National Disease Research Interchange (Philadelphia, PAYas labeled with Cy3 using a Mirus Label IT Tracker Cy3 kit
Vision Share (Apex, NC), and Donor Network of Arizonaas per manufacturers instructions (Mirus, Madison, WI).
(Phoenix, AZ). HTM cells were isolated from TM tissue ob-Briefly, Cy3 reagent was incubated with plasmid DNA (at a
tained from eyes using a blunt dissection technique followerhatio of 1.5:2) and precipitated using ethanol and 5 M NaCl.
by extracellular matrix digestion as described previously [16]To confirm plasmid labeling, absorbance was read at 550 nm
Five cell lines from human donors without history of glau-(the appropriate wavelength for Cy3) and found to be 0.08 for
coma were used in the present study (ages 3 months, 35 yedabeled plasmid compared to 0.0 for unlabeled plasmid when
68 years, 67 years, and 71 years). HRPE cells were isolatading equivalent quantities of DNA (as determined by absor-
from posterior eye poles by carefully dissecting away the retinbance at 260 nm).
and digesting the eyecup with trypsin as described previously = Transient transfection of plasmid DNA: HTM and HRPE
[17]. The two HRPE cell lines used in the present study wereells were seeded onto glass coverslips at about 30%
from human donors without history of eye disease. HTM cellgsonfluency (4.2x108cells/cn?) in serum-containing medium.
were cultured in low glucose Dulbecco’s modified EagleCells were split into two groups 24 h after plating: synchro-
medium (DMEM, Invitrogen, San Diego, CA) supplementednized or unsynchronized. For synchronized cells, serum-
with 10% fetal bovine serum (FBS, Gemini, Woodland, CA)containing medium was replaced with DMEM containing 0.2%
and penicillin, streptomycin and glutamine (PSG-100 U/mljactalbumin hydrolysate. After 24 h of serum-starvation, cells
0.1 mg/ml, 0.29 mg/ml, respectively, Invitrogen). HRPE cellswere reintroduced to medium containing 10% serum. At vari-
were cultured in high glucose DMEM with 10% FBS and PSGous times, ranging from 18-20 h after the reintroduction of
Al cells were maintained in humidified air containing 5%,CO serum, cells were transfected for 5 h using Lipofectamine re-
at 37°C. Results from all experiments were obtained from atgent according to manufacturers instructions (Invitrogen, San
least two cell lines from each cell type. Diego, CA) using a DNA: Lipofectamine ratio of 1.6:1 and a
Cdll cycleanalysis/BrdU labeling: HTM cells were plated at total transfection volume of 1 ml. Unsynchronized cells re-
about 30% confluency (4.2x106ells/cn®) onto glass cover- mained in serum-containing medium for the duration of the
slips in 6 well culture plates with serum-containing mediumexperiment. In all transfections, plasmid DNA encoding GFP
Twenty-four h after plating, cells were serum starved in DMEMwas included at a concentration aig/9.8 cni well. Control
containing 0.2% lactalbumin hyrdolysate for an additional 24vells were mock transfected using transfection reagent only.
h. At various times after serum was reintroduced (12-26 hJn some experiments, cells were treated with the DNase | in-
cells were treated with 100M 5-bromo-2-deoxyuridine hibitor, aurintricarboxylic acid (ATA, 100 nM, Sigma), dur-
(BrdU, Sigma, Dallas, TX). After a 2 h incubation with BrdU, ing the 5 h transfection period. After transfection, the cells
cells were fixed for 15 min in phosphate buffered saline (PBSwere returned to ATA-free medium for 24 h. The cells were
137 mM NacCl, 2.6 mM KCI, 10 mM NBPO, 1.7 mM fixed in PBS containing 4% paraformaldehyde, stained with
KH_PQ) containing 4% paraformaldehyde. Cells on coverDAPI, and mounted onto glass slides. Cells were visualized
slips were first incubated with blocking buffer (PBS contain-by ultraviolet and immunofluorescence microscopy and
ing 0.1% Triton X-100 and 10% goat serum) for 1 h, and thenounted from digital images taken from random fields for a
were incubated overnight af@ in blocking buffer with anti-  total of 300 cells per coverslip.
BrdU 1gGs (1:1000 dilution; Sigma). Cells were washed with  a-DNase immunocytochemistry: HTM and HRPE cells
PBS containing 0.1% Triton X-100 (three times with 1 ml/were plated on glass coverslips to about 60% confluencey
well) and incubated for one hour at 25 in blocking buffer  (8x10* cells/cn?). Cells were fixed in 4% paraformaldehyde,
containing Cy3-conjugated anti-mouse 1gGs (1:2000 dilutionblocked in 10% goat serum in 1X PBS plus 0.1% TX-100,
Jackson Immunoresearch, West Grove, PA). Cells were washadd incubated overnight at°€ in 1:500 anti-DNase | IgG
again (three times, 1 ml/well) and counterstained with 4,6¢Sigma) in blocking solution. Cells were washed with PBS
diamidino-2-phenylindole (DAPI, Lig/ml; Sigma). Cover- containing 0.1% Triton X-100 (three times, 1 ml/well) and
slips were mounted in antifade (90% glycerol, 10% 1 M Tridncubated for 1 h at 25 in blocking buffer containing Cy3-
pH 8.0, 0.2% n-propyl gallate) on glass slides and labeled celtonjugated anti-rabbit 1gGs (1:2000 dilution; Jackson
were viewed by indirect immunofluorescence and ultravioletmmunoresearch, West Grove, PA). Cells were washed (three
microscopy. BrdU-labeled cells were counted from digitattimes, 1 ml/well) and counterstained with DAPI. Coverslips
images taken from random fields for a total of 300 cells pewere mounted in antifade (90% glycerol, 10% 1 M tris pH
coverslip. 8.0, 0.2% n-propyl gallate) on glass slides and labeled cells

Plasmid preparation and Cy3-labeling of plasmid DNA: were viewed by indirect immunofluorescence and ultraviolet
Plasmid DNA was prepared by growing up green fluorescemhicroscopy.
protein (GFP) containing bacteria () EGFP-C1; Clontech Labo-  Statistical analyses: Two tail, paired Student’s t-tests as-
ratories, Palo Alto, CA) overnight from glycerol stocks andsuming equal variance were used to determine whether ex-
using traditional alkaline lysis miniprep and phenol/chloro-perimental data were different from controls. &devel of
form extraction. Plasmid purity and presence was confirme@.01 was chosen.
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RESULTS during transfections, we needed to characterize the HTM cell
Experiments were undertaken to determine obstacles theycle to determine the precise time of breakdown of the nuclear
interfere with transfection efficiency of HTM cells in culture. envelope. This information provides a time window to expose
Strategies were designed based on the hypothesis that HTdWiding cells to plasmid DNA for transient transfections. Syn-
cells may have an increased ability to degrade DNA due tohronizing cell cycles enables the timing of transfections so
their physiology and function in vivo. that plasmid DNA begins to enter the cytosol during S phase,
HTM cell cycle analysis. Decreasing the time plasmid immediately before the breakdown of the nuclear membrane
DNA spends in the cytosol increases the chances of it crosthrat accompanies mitosis. To synchronize HTM cell cycles,
ing the nuclear membrane before being degraded. To mingells were serum-starved for 24 h and then exposed to serum.
mize the time plasmid DNA is present in the cell cytoplasnDuring 2 h intervals (12-14, 14-16, 16-18, 18-20, 20-22, 22-
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Cells were synchronized by 24 h serum starvation followed by coor-
Figure 1. HTM cell cycle analysis by BrdU labeling. HTM cells dinated serum stimulation (10% FBS). After synchronization (18-20
were treated with 5-Bromo-2’deoxyuridine (BrdU) at 2 h intervalsh), cells were transfected with Cy3 labeled plasmid DNA encoding
(between 12-26 h) after synchronization by serum stimulafion. green fluorescent protein (GFP: Representative fields to com-
Shown is a representative microscopic field demonstrating BrdU Igpare DNA uptake by synchronized and unsynchronized cells 19 h
beling (arrowheadsB: A graphical summary of percentage of HTM after synchronizatiorB: A graphical summary of DNA uptake by
cells that labeled with BrdU at different times. BrdU-positive cellscell type at 19 h after synchronization. A total of 300 cells were
were identified using indirect immunofluorescence with anti-BrdUcounted per condition from digital images captured using
IgG and total cells were indicated by DAPI-stained nuclei. Digitalepifluorescence microscopy (n=3). No statistical differences were
images were taken from random fields for a total of 300 cells pefound between synchronized and unsynchronized cells, groups, or
condition (n=2). cell lines (Student’s t-test).
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24, and 24-26 h) after reintroduction to serum, cells weréiTM cells are associated with this step, we used a well docu-
treated with BrdU. Control experiments were executed in pamented method of measuring DNA uptake into cells [19,20].
allel using unsynchronized cultures that were treated with BrdBiTM, HRPE, and COS-7 cells were transfected with plasmid
at identical times. BrdU, a synthetic nucleotide, incorporateBNA that was conjugated with Cy3 and uptake of DNA into
into replicating DNA, thus providing a good indicator of Sthe cell cytosol was monitored by immunofluorescence mi-
phase. Figure 1A shows a representative microscopic field afoscopy. Transfection periods (6 h) began 18, 19, and 20 h
HTM cells labeled with BrdU (arrowheads). Figure 1B sum-after synchronization with unsynchronized cells used as con-
marizes the times tested, indicating that BrdU labeling peakedols. Unexpectedly, in all cell types, virtually all cells (about
around 18-20 h in synchronized cells; with more than thre85%), synchronized and unsynchronized, took plasmid DNA
times the labeling of unsynchronized cells. Thus, the S phaseto the cytosol (Figure 2; data not shown for COS-7). Addi-
of HTM cells in culture occurs between 18-20 h after stimulationally, greater than 90% of cells took up at least some DNA
tion of proliferation from a quiescent population. We chose tanto their nucleus. Thus it appears that the process of DNA
use HRPE cells as our control primary cell type partly beuptake by HTM cells is not responsible for low productive
cause the cell cycle of HRPE cells has been previously dé-ansfection rates.
scribed [18]. In HRPE, incorporation of radiolabeled nucle-  Effect of cell cycle synchronization on productive trans-
otides (another indicator of S phase) also peaks at 20 h aftiection: Productive transfection requires the plasmid DNA to
synchronization indicating that the cell cycles of HTM andcross both the plasma membrane and the nuclear membrane.
HRPE cells are approximately the same. A reliable indicator of productive transfection is the appear-
Uptake of plasmid DNA by HTM and HRPE cells: The  ance of protein(s) encoded by transfected DNA, in the present
first step in transient transfections is transporting plasmid DNAase, GFP (Figure 3A). As shown in Figure 3B, we found a
from the extracellular space across the plasma membrane athdee fold increase in productive transfection efficiency in syn-
into the cytosol. To assess whether difficulties in transfectinghronized HTM cells when using a 5 h transfection period
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that began 19 h after synchronization #BL017% treated with the DNase inhibitor aurintricarboxylic acid (ATA,
unsynchronized cells compared tolB2% in synchronized 100 nM) during transfection, and productive transfection rates
cells). Productive transfection efficiency in HTM cells waswere assessed by expression of GFP. Shown in Figure 5, ATA
also increased when the transfection period began 18 and 2@&kated HTM cells exhibited productive transfection rates 2
after synchronization although the levels did not attain statigimes higher than untreated cells (control=3.7%; with ATA:
tical significance. Conversely, synchronization did not affec7.3+1.2%). Consistent with results from cell synchronization
the productive transfection rate in HRPE (Figure 3C). experiments, ATA treatment had no effect on productive trans-
These data suggest that DNA that enters the HTM cell ifection rates in HRPE cells. These data suggest that DNase |
not likely to be transcribed and translated when it must recontributes to low productive transfection rates of HTM cells
main in the cytosol for a prolonged period (as inin culture.
unsynchronized cells). Alternatively, when the beginning of
the transfection period is timed properly, the HTM cell is ex- DISCUSSION
posed to DNA during S and M phases when the nuclear envéVe hypothesized that coordinating the time HTM cells begin
lope has broken down sufficiently to allow significant and relaDNA replication and division with the time cells were exposed
tively rapid plasmid uptake into the nucleus. One explanatioto exogenous DNA would greatly increase transfection effi-
for our observation is that DNA is rapidly degraded in HTMciency. The data indicate that synchronizing HTM cell cycles
cells and that mechanisms of degradation differ between HTMnd timing the beginning of the transfection period with S
and HRPE. phase resulted in a 3 fold increase in transfection efficiency.
Expression of DNase | in HTM and HRPE cell cultures: This increase is likely because dividing cells transfect more
If DNA degradation is playing a role in low baseline transfec-easily since during division the nuclear membrane breaks down
tion efficiencies of HTM cells, it is important to examine theand exogenous DNA can enter the nucleus [21]. Interestingly,
expression of DNA digesting enzymes such as DNase |. Tplasmid DNA entered the cytosol and nuclei of 90-95% of all
determine DNase | expression in HTM and HRPE cells irsynchronized cells, but only about 10% was translated into
culture, fixed cells were probed with anti-DNase 1gGs. Agprotein. Since the fluorophore remains conjugated to the DNA
shown in Figure 4, DNase | was detected in both HTM an@éven when the plasmid is not intact, there is no way to tell
HRPE cells. Labeling was not limited to the nucleus, but wakow much of the Cy3 nuclear staining is from functional plas-
also found cytosolically in both cell types, indicating a pos-mid and how much is due to nicked DNA or even small oligo-
sible role for DNase | as a mediator of both nuclear and cytarucleotides that have been partially degraded before being
solic degradation of exogenous DNA. taken up into the nucleus. These results indicate that the first
Effect of DNase | inhibitor on transfection efficiency: To  and third potential barriers to effective heterologous protein
test whether cytosolic DNases were in part responsible for
low productive transfection rates in HTM cells, we tested the
effects of a DNase | inhibitor on productive transfection effi- B Neg. Control 100 nM ATA
ciency. Unsynchronized HTM and HRPE cell cultures Were& 12
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Figure 5. Effect of DNase | inhibitor on transfection efficiency.
DNAse inhibitor doubles productive transfection efficiency of HTM
cells. Cells in log-phase of growth were transfected with plasmid
HTM HRPE DNA encoding GFP in the presence or absence of a DNase | inhibi-
tor (aurintricarboxylic acid,ATA, 100 nM). Cells were fixed, coun-
Figure 4. DNase | expression in cultured ocular cells. HTM cellgerstained with DAPI and visualized using epifluorescence micros-
express DNAse |. HTM and HRPE cells cultured on coverslips wereopy. Cells expressing GFP protein and total cells (at least 300 cells
probed with anti-DNase | IgG and counterstained with DAPI. Conper condition) were captured digitally and counted to calculate aver-
trol shows background labeling in the absence of anti-DNase | Ig&Gge transfection efficiencies. Statistical differences between ATA-
Shown is a representative experiment (n=3) using two different cetteated and untreated cells were assessed using Student’s t-test (as-
strains for each cell type. terisk indicates a p<0.01).
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expression (uptake into the cytosol and permeation of thigansfection efficiencies in mammalian tissues [25,28,29] lead-
nuclear membrane) are not significant obstacles to efficienhg to our hypothesis that part of the reason HTM cells have
transfection in this experimental paradigm. Furthermore, owuch low transfection efficiencies is because of DNA degra-
results suggest that HTM cells have a high capacity to detation by DNases. In Figure 4, we showed that DNase |, a
grade DNA, and that DNA degradation prior to expressiocommon DNase, is expressed in the nucleus and cytosol of
may be a limiting factor in efficient protein expression. HTM and HRPE cells (in addition to many other tissues [30]).

Since not reported previously, it was necessary to firsDNases digest DNA in the nucleus during apoptosis [27] and
characterize the cell cycle of HTM cells in culture so that wealso digest exogenous DNA phagocytosed by adjacent living
could estimate the optimal time to expose cells to plasmidells and immune cells after apoptosis [31]. These normal ac-
DNA. We reasoned that synchronizing the beginning of thévities are consistent with the hypothesis that homeostatic
DNA exposure period with S phase would allow the plasmighagocytosis and degradation of DNA in HTM cells is medi-
to reach the nucleus during mitosis-associated nuclear merated by DNases as part of the normal filter function of the
brane breakdown, increasing the opportunity for plasmid DNAonventional outflow pathway. Primarily, inhibition of DNases
to access HTM cell nuclei and transcription machinery. Usingrovides an additional way to increase productive transfec-
BrdU incorporation into replicating DNA as a marker of Stion efficiency of HTM cells.
phase, we found that HTM cells began DNA synthesis ap- HRPE cells were used as controls in experiments for two
proximately 18-20 h after reintroduction to serum (Figure 1)main reasons. First, HRPE are primary, nontransformed ocu-
and began mitosis four h later (data not shown). Convenientliar cells. Second, HRPE cells are active phagocytes, like HTM
HRPE cell cycle in culture closely parallels that of HTM cellscells, but with different responsibilities. HRPE cells do not
in culture [18]. Thus, the optimum time window for produc- actively degrade exogenous DNA like HTM cells, but ingest
tive transfection efficiency for both cells lines was 18-20 Hipids and proteins of the shedding outer segments of photore-
after cell cycle synchronization. ceptors [32,33]. These differences in function in vivo are con-

Chemical transfection reagents have been available sinséstent with observed differences in basal transfection rates
the 1960s, beginning with DEAE dextran [22] and calciumbetween the two cells types in vitro, 18102% for HRPE
phosphate [23]. However, in the last five to ten years, chemgompared to 3401.1% for HTM. Interestingly, when HTM
cal reagents have improved dramatically, and now the prolzells were treated with the DNase | inhibitor, ATA, transfec-
lem of DNA uptake across the plasma membrane has beéon rates of HTM cells doubled, and approached rates of
effectively minimized. Despite this progress, only two otherHRPE. Since HRPE transfection rates were unaffected by ATA
published studies have examined plasmid uptake by cells, itreatment, it seems that DNA degradation plays a less impor-
dependent of exogenous protein expression [15,24]. Althougiant role in the efficient transfection process in HRPE cells
the first study did not calculate efficiency on a per cell basis;ompared to HTM cells.
the second reported results similar to ours, approximately 80% In summary, we have identified two methods for increas-
of transfected cells took up some exogenous DNA [15]. Howing transfection efficiency in HTM cells. The first, by syn-
ever, this study was conducted exclusively on transformed cathronizing the cell cycle to time transfection with S-M phase
lines, limiting the applicability of their data to our primary and the second, by partially inhibiting DNA degradation. We
cells. In the present study, plasmid DNA successfully crosseuave shown that uptake of DNA into the cytosol and nucleus
the plasma membrane of about 95% of both primary (Figuref HTM cells is not the limiting factor in efficient transient
2) and transformed (data not shown) cells using Lipofectamingansfection and that DNA degradation prior to protein ex-
reagent (a polycationic lipid formulation that prompts the forpression may be the main barrier. While the overall transfec-
mation of liposomes). Unfortunately such chemical agents dtion rates in HTM cells attained with our methods were still
very little to encourage DNA stability in the cytosol and noth-low (about 10%) they are sufficiently high for many common
ing to address the issue of nuclear targeting. With even newases of transfected cells including immunocytochemistry and
methods including electroporation across the plasma menelectrophysiology. Itis possible that a combination of these or
brane (which is inefficient in our system), and protein basedther methods may further increase transfection efficiency.
methods, transport through the cytosol to the nucleus can be
more directed and efficient; however, these methods have not ACKNOWLEDGEMENTS
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