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Abstract

Background: Gap junctions enable small molecules to diffuse between adjacent cells and have
been associated with greater cytotoxicity of radiation and anti-cancer drugs. We investigated
whether this gap junctional intercellular communication (GJIC) affected the cytotoxicity of the clas-
sic ribonucleotide reductase (RR) inhibitor and anti-cancer agent, hydroxyurea (HU). Materials
and Methods: We used GJIC-proficient and deficient, connexin 43-expressing WB rat liver epitheli-
al cell lines. We compared HU toxicity by crystal violet assay, effects of the drug on deoxynucleo-
tide pools by HPLC, and ability of GJIC to increase toxicity of HU-resistant cells through a bystander
effect in co-culture experiments. Results: GJIC-proficient cells were three- to five-fold more sensi-
tive (ICso 0.1 mM) to HU than GJIC-deficient derivatives (ICso 0.3 - 0.5 mM). This sensitivity de-
pended upon GJIC because treatment of GJIC-proficient cells with the GJIC blocker oleamide de-
creased HU toxicity by approximately 60% - 80% and restoration of GJIC in GJIC-deficient cells by
stable transduction of connexin 32-encoding Gjb1 increased HU toxicity (ICso 0.1 mM). The effects
were not due to connexin expression per se or its localization since all cell lines expressed com-
parable quantities of connexin 43 that was localized to the plasma membrane. Also HU sensitivity
was not related to differential effects on nucleotide metabolism in the cells. Thymidine triphos-
phate levels increased and deoxyadenosine triphosphate levels decreased similarly (15% - 20%)
in GJIC-proficient and deficient cells over 24 h of HU treatment. More importantly, when HU-re-
sistant cells were co-cultured with sensitive cells, the resistant cells were killed only when GJIC
was present. Conclusion: The data suggest that GJIC enhances cytotoxicity and decreases resistance
to HU. These results may be important clinically if GJIC can be enhanced in drug-resistant cells.
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1. Introduction

Gap junctions are plasma membrane channels that connect the interiors of neighboring cells and permit the di-
rect cell-to-cell diffusion of molecules and ions smaller than ~1 kDa. This is known as gap junctional intercellu-
lar communication (GJIC) [1]. Gap junction channels are formed by proteins known as connexins and 21 human
and 20 murine connexins have been identified [2]. Two gap junction hemichannels, also known as connexons,
on opposite cells dock together to form a patent gap junction channel and connect the two cell interiors. Typi-
cally hundreds to thousands of gap junction channels are aggregated in a single gap junction and several gap
junctions occur between apposed cells. Thus there is a large capacity for rapid diffusion of small molecules and
ions via GJIC. The physiological roles of GJIC are numerous and include cellular homeostasis; regulation of cell
proliferation, death, and differentiation; coordination of cellular responses to external stimuli; and neural coupl-
ing through electrical synapses. Deficits in GJIC have been associated with many diseases including cancer,
cardiac arrhythmia, teratogenesis, cataracts, atherosclerosis, and deafness. Connexins irrespective of forming
gap junction channels also interact with many structural and signaling proteins and have many physiological
roles that are independent of GJIC [3] [4].

The responses of cells to cytotoxic drugs and radiation are impacted by GJIC and connexins. In some cases,
cytotoxicity was directly correlated with GJIC whereas reduced cell death occurred in GJIC-coupled cells [5].
The mechanisms for these effects are poorly understood. Injured cells may impact naive cells through poorly
understood bystander effects whereby toxic factors and death-inducing signal molecules such as calcium ion and
free radicals may move from injured cells to neighbors through gap junction channels. In contrast, protective
agents such as glutathione may move from naive to injured cells and protect the latter. Connexins may also alter
cell death in a non-GJIC-dependent manner through their roles in cell signaling pathways. Damaged cells may
also release toxic molecules into the external milieu via gap junction hemichannels.

Ribonucleotide reductase (RR) inhibitors are an important class of anti-cancer drugs, but how GJIC affects
their cytotoxicity has not been well studied. This enzyme catalyzes the de novo conversion of ribonucleotide di-
phosphate to deoxyribonucleoside diphosphate and is the rate-limiting step in DNA synthesis [6]. The enzyme
consists of two subunits, M1 and M2, both of which are dimers. The enzyme catalytic site is located in M2 and
contains a tyrosyl free radical and a non-heme iron. M1 is expressed throughout the cell cycle, but not in G, and
M2 is expressed during S phase. Pairing of M1 and M2 is necessary for RR catalytic activity during S-phase.
Many inhibitors of RR have been developed and are widely used for cancer therapy. These include older drugs
such as hydroxyurea (HU) and newer ones such as gemcitabine (2’,2’-difluorodeoxycytidine). Hydroxyurea is a
potent inhibitor of RR and is used to treat myeloproliferative disorders such as chronic myelogenous leukemia,
some solid cancers in combination with other agents or radiation, and non-hematological diseases like sickle cell
anemia [7]. Treatment of proliferating cells with RR inhibitors causes an imbalance of deoxynucleotide pools,
abortion of DNA replication, and the activation of endonucleases and apoptosis.

Here we have investigated whether GJIC affected the cytotoxicity of HU. We found that HU was more toxic
in GJIC-positive cells and HU resistant cells were killed when co-cultured with HU-sensitive cells in a GJIC-
dependent manner.

2. Materials and Methods
2.1. Reagents

Gentamicin sulfate, HU, oleamide, and Lucifer Yellow CH were obtained from Sigma-Aldrich (St. Louis, MO).
Richter’s improved minimal essential medium and G418 sulfate were purchased from Life Technologies (Grand
Island, NY). Fetal bovine serum was from Atlanta Biologicals (Flowery Branch, GA). The BioRad DC protein
assay was obtained from Bio-Rad (Herculaes, CA).
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2.2. Cell Lines and Culture Medium

All cell lines were cultured in Richter’s Improved MEM supplemented with 5% fetal bovine serum and genta-
micin sulfate (40 pug/ml) and passaged by trypsinization. The Gjb2-transduced cells were also cultured in the
presence of G418 (0.4 mg/ml) during routine culture, but not during experimental use.

2.3. Cytotoxicity Assays

Cytotoxicity was determined by crystal violet staining, colony formation, and trypan blue dye exclusion assays.
For the crystal violet assay, cells were plated into 24 well culture dishes at densities that resulted in approx-
imately 75% confluence, allowed to attach overnight, then treated with HU for 48 h. After treatment, the culture
medium was aspirated and the cells were washed and refed with fresh medium. The cells were cultured for three
additional days, then fixed with 10% buffered formalin, stained with 2% crystal violet for five minutes, washed
extensively to remove excess dye, and allowed to air dry. The cells were then dissolved in 1 ml of 2% SDS and
centrifuged at 10,000 x g for 5 min to remove debris. Absorbance of the supernatant was read on a spectropho-
tometer at Aszo. In some cases, oleamide, which is a potent inhibitor of GJIC mediated by Cx43 channels [8],
was used to block gap junction coupling in WB cells. The concentrations and treatment durations of HU and
oleamide are noted in the results and figure legends.

Cytotoxicity was also determined by colony formation assay. As above, approximately 75% confluent cul-
tures in six well dishes were treated with HU and/or oleamide for 48 h. Then the cells were trypsinized and
plated into 60 mm dishes at a colony density of 200 cells per well. After 5 d, the cells were fixed with 10% buf-
fered formalin and stained with crystal violet. Colonies that contained at least 40 cells were counted.

2.4. Generation of HU Resistant Cells and Toxicity of HU in Co-Cultured Sensitive and
Resistant Cells

Hydroxyurea-resistant WB-F344 and WB-aB1 cells were generated by stepwise increases in drug concentration
in the culture medium, i.e., from 0.05 mM to 2 mM over 6 weeks after which the cells were completely resistant
to the high dose of HU. These HU-resistant lines were designated WB-F344/HU® and WB-aB1/HUR.

To determine if GJIC could impact drug sensitivity in these HU resistant cells, HU sensitive and GJIC-profi-
cient WB-F344 or deficient WB-aB1 cells were co-cultured with GJIC-proficient WB-F344/HUR or deficient
WB-aB1/HUR cells and treated with 1 mM HU for 48 h. The cells were co-cultured at a 3:1 (sensitive:resistant)
ratio to increase the likelihood that HU-resistant cells would contact sensitive cells. The resistant cells were also
pre-labeled with PKH-26, a vital fluorescent plasma membrane dye [9] in order to distinguish them from sensi-
tive cells. After 2 d treatment with HU, remaining cells were trypsinized, stained with trypan blue to identify
viable cells, and counted with a hemocytometer.

2.5. Determination of Deoxynucleotide Content in WB Cells

Deoxynucleotides in control and HU-treated WB cells were quantified by anion exchange HPLC as described
[10].

2.6. Assessment of GJIC

GJIC was assessed in WB cells by scrape-loading/dye transfer (SL/DT) [11] [12]. Cells were cultured to con-
fluence in six well dishes then fluorescent Lucifer Yellow CH was added from stock solution (5% w/v in PBS)
to a final concentration of 0.05%. Three linear cuts across the monolayer were made with a scalpel blade. Five
minutes later, the medium was aspirated and the cells washed three times with serum free medium and fixed
with 10% buffered formalin. At five randomly selected points along each of the three cut lines, fluorescent cells
perpendicular to the cut were counted on both sides of the line (cells directly on the cut edge were not counted to
exclude the dye-loaded cells). The mean of these 30 cell counts was the SL/DT index for that culture.

2.7. Western Blotting

The contents of connexin 43, connexin 32, and the M2 subunit of RR in cells were determined by western blot-
ting [13]. For the connexins, samples were prepared by lysis in 1 ml of ice cold hypotonic buffer (10 mM Tris,
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pH 7.5, 1 mM iodoacetamide, 2 mM PMSF), followed by alkalinization of the samples by the addition of 0.33
ml of 40 mM NaOH, sonication, and centrifugation at 13,000 rpm for 30 min at 4°C. The pellets were washed
once and dissolved in 2% SDS. Then the protein content was determined (Bio-Rad DC protein assay; Bio-Rad
Corp., Richmond, CA) and 20 ug of protein per sample were run on 10% SDS-PAGE gels and blotted to Immo-
bilon-P membranes (Millipore Corp., Bedford, MA). Connexin 43 and connexin 32 were detected using mouse
monoclonal antibodies from Zymed Corp. (South San Francisco, CA) followed by a biotin-streptavidin alkaline
phosphatase secondary detection kit with 5-bromo-4-chloro-3-indolyl-phosphate/nitrobluetetrazoliumcolor de-
velopment (Amersham Corp., Arlington Heights, IL). For RR-M2, the samples were prepared by lysis in 1 ml of
ice cold RIPA buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and
2 mM PMSF) followed by sonication, centrifugation, and determination of protein content in the supernatants as
above. Samples (25 pg of protein) were run on 10% SDS-PAGE gels and blotted to Immobilon-P membranes.
The RR-M2 was detected with anti-RRM2 goat polyclonal antibody from Santa Cruz Biotechnology, Inc. (Dal-
las, TX) and secondary detection as above.

2.8. Cell Proliferation

The proliferation rates of the cell lines were determined as the population doubling times. Briefly cells were
plated at low density (2.5 x 10* cells/well in 24 well dishes), then trypsinized and counted over the next 12 days.
The PDT was determined from the log phase growth phase over the first 4 - 6 days of culture [14].

3. Results
3.1. GJIC and Connexin Expression in WB Cell Lines

Several WB cell lines were used in this study. WB-F344 is a nontumorigenic, diploid, rat liver epithelial cell line
[15] that exhibits extensive GJIC and expresses the gap junction protein connexin 43 (Cx43) in localized punc-
tata on the plasma membrane between apposed cells as expected for gap junctions (Figures 1(a)-(c)). Several
GJIC-deficient derivatives of WB-F344 [16] and known as WB-aB1, WB-bA2, WB-cD6, and WB-dA2 were
also used here. These cells do not exhibit GJIC by SL/DT assay, but express Cx43 in amounts comparable to
WB-F344 cells; this protein is also localized to the plasma membrane (Figures 1(a)-(c)). In addition, GJIC-de-
ficient WB-aBL1 cells that were stably transduced with Gjb1 which encodes connexin 32 (Cx32) [17] were used.
Two of the clones, WB-a/32-9 and WB-a/32-10, exhibit levels of dye-coupling similar to WB-F344 cells and
express Cx32 (Figures 1(a)-(c)). The population doubling times of these cell lines were determined (Figure
1(d)). Notably, the PDTs did not correlate with GJIC or the type of connexin expressed.

3.2. HU Cytotoxicity in GJIC-Proficient and GJIC-Deficient WB Cells

The toxicity of HU in the above cell lines was determined by crystal violet staining of the cultures after 48 h
exposure to the drug and 3 d subsequent growth in the absence of the compound. GJIC-proficient WB-F344,
WB-a/32-9, and WB-a/32-10 cells were more sensitive to HU than the other GJIC-deficient cells. Much more
crystal violet staining was evident in GJIC-deficientcell cultures (Figure 2(a)). Quantification of the crystal
violet after dissolution of the stained cells and spectrophotometry revealed dose-response that correlated with a
leftward shift in the dose response curve for GJIC-proficient cells (Figure 2(b)). From these plots, the ICs, val-
ues for HU in each cell line were approximated. These values were 0.1 mM for GJIC-proficient WB-F344,
WB-a/32-9, and WB/a32-10 cells and 0.3, 0.3, 0.3, and 0.5 for WB-aB1, WB-bA2, WB-dA2, and WB-cDB6, re-
spectively.

These ICs, values did not correlate with the proliferation rates of the cell lines (Figure 1(d)). For example,
WB-cD6 cells were the least sensitive to HU with an 1Csy of 0.5 mM and one of the longest PDTs at 19.0 h.

3.3. Effect of a GJIC Inhibitor of HU Cytotoxicity

We next used the GJIC inhibitor, oleamide, to determine whether the greater sensitivity of GJIC-proficient cells
to HU was dependent upon GJIC. Oleamide rapidly shuts down Cx43 gap junction channels without affecting its
expression [8]. We treated WB-F344 or WB-aB1 cells with HU at approximate 1C;5 concentrations (0.125 and
0.5 mM, respectively) for 48 h in the presence or absence of oleamide (50 uM) then determined cytotoxicity by
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Figure 1. Gap junctional intercellular communication (GJIC), connexin expression, and cell
proliferation in WB cell lines. Panel (a) illustrates levels of GJIC in the cell lines determined
by the scrape-loading/dye transfer (SL/DT) assay. The bars indicate the mean £ S.D. (n = 4
cultures per bar). In panel (b), GJIC-proficient WB-F344 cells and GJIC-deficient WB-aB1
cells can be seen after SL/DT. Panel (c) and (d) show western blots of connexin 43 or con-
nexin 32 in these cell lines; WB-a/32-3, -8, -9, and -10 are clones of WB-aB1 cells isolated
after transduction with Gjb1. Panel (e) illustrates representative connexin 43 and connexin 32
immunostaining in the cells. In panel (e), the cell proliferation rates of the cell lines was de-
termined as their population doubling time (PDT). The bars indicate the mean + S.D. (n = 3).

crystal violet staining (Figure 3(a)) and colony formation assay (Figure 3(b)). We used IC;5 concentrations in

order to increase the likelihood of seeing a protective effect of oleamide. This compound in fact reduced the
toxicity of HU, but only in GJIC-proficient WB-F344 cells and not in deficient WB-aB1 cells (Figure 3(a),
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Figure 2. Cytotoxicity of HU in WB cell lines. Panel (a) illustrates the cell cultures after treatment with hydroxyurea and
staining with crystal violet. In panel (b), this staining was quantified by solubilizing the residual cells in 2% SDS and mea-
suring the absorbance of the solute at 570 nm. From these dose-response curves, the 1Cs, of hydroxyurea in each cell line
was estimated (dashed red line) and is presented in panel (c).

Figure 3(b)). Oleamide by itself was not toxic to either cell line. Interestingly, when GJIC was assessed in the
oleamide treated WB-F344 cells, it was completely inhibited after 2 and 4 h of treatment, but then gradually re-
turned to the control level by 24 h (Figure 3(c)). This indicates that during 48 h co-treatment with HU and
oleamide, GJIC was completely inhibited only during the first 4 h and not at all during the last 24 h.

3.4. Effects of HU on Deoxynucleotide Pools

Hydroxyurea had no differential effects on deoxynucleotide pools in GJIC-proficient and deficient cells (Figure 4).
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Figure 3. Effects of the GJIC inhibitor, oleamide, on hydoroxyurea (HU) cytotoxicity in WB-F344 and WB-aB1 cells. In
panel (a), cytotoxicity was determined by crystal violet staining. The cells were cultured in 24 wells to 75% confluence,
treated with or without oleamide (50 pM) followed by HU at the IC;s concentration for each cell line (0.125 mM for
WB-F344 cells, 0.5 mM for WB-aB1 cells) for 48 h, then washed, refed with complete medium, cultured for three days, and
fixed and stained with crystal violet. Staining was quantified by solubilizing the residual cells in 2% SDS and measuring the
absorbance of the solute at 570 nm. In panel (b), cytotoxicity was assessed by colony formation assay. Cells were cultured in
24 wells to 75% confluence, treated with or without oleamide (50 uM) followed by the IC;5 concentration of HU for each
cell line (0.125 mM for WB-F344 cells, 0.5 mM for WB-aB1 cells) for 48 h, then washed and trypsinized. Two hundred cells
were then plated into 35 mm dishes. After five days, the cultures were fixed and stained with crystal violet and colonies con-
taining at least 50 cells were counted. The bars indicate the mean + S.D. (n = 4 cultures per bar) and asterisks indicate sig-
nificant differences (p < 0.05) compared to cultures treated only with HU. In panel (c), the time-dependent inhibition of GJIC
by oleamide in WB-F344 cells was evaluated by scrape-loading/dye transfer (SL/DT) assay. The points indicate the mean +

S.D.(n=4).
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Figure 4. Deoxynucleotide content in WB-F344, WB-aB1, and WB-a/32-10 cells 0, 4, and 24 h after
treatment with 1Csy concentrations of hydroxyurea (0.1, 0.3, and 0.1 mM, respectively). The deox-
ynucleotides were extracted from the cultures and quantified by anion exchange HPLC (mean + S.D.; n
= 8 cultures per data point).

Pre-treatment levels of the four deoxynucleotides were similar in WB-F344, WB-aB1, and WB-a/32-10 cells.
Following 4 h treatment with HU at the respective 1Cs, concentrations of each cell line, increases in thymidine
triphosphate and decreases in deoxyadenosine triphosphate were seen. These changes were approximately 15% -
20% and were similar in the three cell lines. After 24 h treatment, the levels of thymidine triphosphate had re-
turned to pre-treatment concentrations whereas deoxyadenosine triphosphate levels remained decreased.

3.5. GJIC Increases Cytotoxicity in HU-Resistant Cells

Resistance to HU can occur in chronically treated cells in the laboratory and in cancer patients. HU resistant va-
riants of WB-F34 and WB-aB1 cells were derived by stepwise increases in HU concentrations in the culture
medium. Figure 5(a) shows the dose-response curves for these HU-resistant lines and their parental cells. Re-
sistance to HU is typically associated with increased expression of RR-M2 [18] [19] and this was also the case
for the resistant WB cells (Figure 5(b)). Baseline RR-M2 content in the two parental cell lines was comparable
but dramatically increased in the resistant derivatives. GJIC was determined in the resistant cells by scrape-
loading/dye transfer and did not differ from the parental cells. WB-F344/HUR exhibited robust dye transfer and
WB-aB1/HUFR showed no transfer (data not shown).

We next asked whether drug sensitivity in HU resistant cells was impacted by GJIC with drug sensitive cells.
The HU-resistant cells were co-cultured with HU-sensitive, GJIC proficient WB-F344 cells at 1:3 ratios (resis-
tant:sensitive) to increase contact of resistant cells with sensitive cells and treated with 1 mM HU for 48 h. In
these co-cultures, all of the HU-sensitive WB-F344 cells were killed (data not shown) as would be expected
from the HU dose-response curve (Figure 5(a)). Importantly, GJIC-proficient WB-F344/HUR cells were also
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Figure 5. Characterization of hydroxyurea-resistant WB-F344/HUR and WB-aB1/HUR cells and the effects of co-culture
with hydroxyurea-sensitive WB-F344 cells on this resistance. Panel (a) illustrates the toxicity of hydroxyurea in the resistant
cells and their parental cells, WB-F344 and WB-aB1, respectively, determined by crystal violet staining. Panel (b) is a west-
ern blot of the M2 subunit of ribonucleotide reductase (RR-M2) in these resistant and sensitive cells. In panel (c), the effects
of co-culture with sensitive WB-F344 cells on hydroxyurea toxicity in the resistant cells is shown. The resistant cells were
co-cultured with WB-F344 cells at a 1:3 ratio and treated with 1 mM hydroxyurea for 48 h. Then the remaining cells were
trypsinized and counted. The resistant cells were labeled with PKH-26 vital fluorescent dye before co-culture to distinguish
them from WB-F344 cells. The bars indicate the mean + S.D. (n = 4 cultures per bar) and the asterisk indicates a significant
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killed extensively, but GJIC-deficient WB-aB1/HUR cells were not (Figure 5(c), left side of graph). As controls,
the resistant cells were cultured alone at the same plating density as in the co-cultures and no HU toxicity oc-
curred (Figure 5(c), right side of graph). Thus resistance to HU is decreased when resistant cells are co-cultured
with sensitive cells and GJIC is present. Under the experimental conditions, it was also apparent that the resis-
tant cells did not protect the sensitive cells.

4. Discussion

Here we have demonstrated that cells that are well-coupled by gap junctions are more sensitive to the classic RR
inhibitor and anti-cancer agent, HU. Based on the 1Cs, values for HU in each cell line, this increased sensitivity
was approximately three to fivefold. This was seen whether the cells were coupled by gap junctions comprised
of Cx43 or Cx32. We also showed the effect was dependent upon GJIC and not due to differences in connexin
expression or localization. The GJIC-deficient cells expressed comparable amounts of Cx43 that was localized
to the plasma membrane similar to the more sensitive, GJIC-proficient parental cells (Figure 1) [16] [17]. The
effects were also not related to rates of cell proliferation (Figure 1).

Several groups have also observed increased cytotoxicity of cancer cells to a variety of chemotherapeutic
agents such as doxorubicin, cisplatin, vinblastine, docetaxel, and BCNU in association with GJIC (reviewed in
[5]). These enhanced chemotherapeutic drug effects were associated with reduced expression of bcl-2 and in-
creased apoptosis, decreased expression of p-glycoprotein, lowered intracellular glutathione content, and gap
junction-mediated transfer of apoptosis-inducing signals from damaged cells to neighbors. These results are re-
miniscent of the GJIC-mediated propagation and amplification of cell death in glial cells during cerebral ische-
mia [20]. Similarly, GJIC contributes to the radiation “bystander effect” in which signaling molecules and/or
reactive oxygen species induce damage in neighboring, non-irradiated cells [21] [22]. In contrast, GJIC may also
reduce drug, ischemic, and radiation-induced cytotoxicity possibly by cell-cell sharing of protective molecules
like glutathione [5] [23]. Furthermore, these effects may not be due solely to GJIC. Transfection of cancer cells
with non-gap junction-forming, mutant connexins also induced similar phenotypic and cytotoxic changes. Ex-
ternal factors released from damaged cells, in some cases via gap junction hemichannels, also contribute to these
bystander effects [5]. Thus, gap junctions and connexins may affect cell toxicity in several ways.

Our study is the first to report that GJIC increases the cytotoxicity of HU. This drug is a potent inhibitor of
RR which is active during S phase and converts ribonucleotides to deoxyribonucleotides [6] [7]. The inhibition
of RR causes imbalances in dNTP pools that lead to nucleotide misincorporation into DNA, S phase arrest, and
apoptosis. Cytotoxic effects are greatest in proliferating cells, but RR inhibitors also kill non-proliferating cells.
The mechanisms for non-proliferating cell toxicity are not clear, but may also be related to nucleotide pool im-
balances.

Our data do not suggest the differential toxicity is due to differences in dNTP pool imbalances. We detected
modest (15% - 20%) increases in thymidine triphosphate pools and similar decreases in deoxyadenosine tri-
phosphaye pools 4 h after treatment of WB cells with HU. The responses were similar in GJIC-proficient and
deficient cells and were not related to rates of cell proliferation. We also noted similar baseline levels of RR-M2
expression in these cells and comparable enhanced expression of the subunit in HU-resistant cells. These results
suggest that GJIC-proficient and deficient cells respond similarly to HU in terms of its actions on RR and nuc-
leotide pool imbalances and that other factor(s) may account for GJIC-dependent enhanced toxicity. HU is also
metabolized to free radical intermediates such as nitric oxide that cause oxidative stress, cell damage, and death
[24]. It is possible that GJIC-proficient and deficient WB cells differ in the metabolism of HU or in their detox-
ification/antioxidant capacity.

It is worth considering whether a connexin-mediated, non-GJIC dependent mechanism could be involved in
this differential toxicity. Many reports have demonstrated non-GJIC dependent effects of Cx43 and other con-
nexins on cellular functions and drug repsonses. Signaling and structural proteins interact with cytoplasmic do-
mains of connexins so that the latter are considered components of cellular adhesion and signal transduction
pathways [4]. Connexins or fragments of them have also been localized in the nucleus and may function in gene
regulation [13] [25]. Our results suggest, however, that the enhancement of HU toxicity in GJIC-proficient WB
cells was not due to differences in Cx43 expression per se, its localization, or a non-GJIC mechanism. First,
Cx43 protein content and plasma membrane localization are comparable in the cell lines we have used (Figure 1)
[16] [17]. Second, oleamide which blocks GJIC, but does not affect expression or localization [8], reduced HU
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toxicity only in GJIC-proficient cells. Third, restoration of GJIC by stable Gjb1 (Cx32) transduction of WB-aB1
cells increased HU toxicity. Lastly, it is unlikely that the release of toxic or other factors from gap junction he-
michannels was involved since GJIC-deficient, HU-resistant cells were not killed by co-cultured HU-sensitive
cells. Instead, the common determinant in the enhanced cytoxicity of HU was the presence of GJIC.

This enhancement of HU toxicity may have occurred within the first few hours of HU exposure. Blockage of
GJIC with oleamide greatly reduced HU toxicity during a 48 h co-exposure experiment, but blockage was tran-
sient with complete blockage over the first 4 h of treatment followed by recovery to control levels within 24 h.
This suggests that whatever GJIC-dependent molecular information is involved in the differential toxicity to HU,
it is likely conveyed within the first few hours of treatment.

There are 21 human and 20 mouse connexin genes and cells typically express at least two types [1] [2]. Gap
junction hemichannels can be homomeric or heteromeric and complete channels can be homotypic (identical
hemichannels) or heterotypic (different hemichannels) depending upon connexin expression and hemichannel
composition of the apposed cells. Differences in channel permeability, regulation of gating, and association with
other proteins have been noted depending upon the connexin composition of the channels [3] [4]. Because these
variations impact the types of molecules that move between cells through gap junction channels, they likewise
may impact GJIC-dependent toxicity. We have only detected Cx43 in the WB cell lines indicating this connexin
can mediate enhanced cytotoxicity of HU effect in WB cells. However, similar effects were seen when GJIC
was restored in WB-aB1 cells by Gjbl-transduction. Thus, GJIC mediated by both Cx43 and Cx32 channels can
enhance HU toxicity in WB cells.

Finally, our data demonstrate a potential clinically important result. When HU-resistant cells were co-cultured
with HU-sensitive cells, drug resistance was overcome, but only when GJIC was present. This suggests bys-
tander killing of HU-resistant cells by the drug they are resistant to can be achieved through GJIC. The me-
chanism(s) for this remain to be determined. Possibilities include GJIC-mediated transfer of cytotoxic signal
molecules or other factors from sensitive cells to resistant cells, reduction of protective molecules in resistant
cells by GJIC with sensitive ones, and epigenetic changes in sensitive cells induced by GJIC. Importantly, in a
clinical setting, resistance to an anticancer drug may be reduced or overcome if drug-resistant cells can be in-
duced to form gap junctions. This may be especially relevant to cancer stem cells which often are resistant to
cancer treatments. Cancer stem cells have not been well studied for connexin expression and GJIC; one report
indicated glioma stem cells were deficient in connexin 43 expression [26]. Several agents increase GJIC in
neoplastic cells and may be beneficial in these approaches [27].

5. Conclusion

The data show that GJIC enhances cytotoxicity and decreases resistance to HU in WB cells. This was mediated
by gap junctions containing connexin 43 or connexin 32. The result may be clinically relevant if GJIC can be
enhanced in drug-resistant tumor cells including cancer stem cells that may lack GJIC.
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