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Abstract
Membrane transporters P-glycoprotein (P-gp, MDR1), MRP2 and BCRP impact drug 
absorption and disposition and can also mediate drug-drug interactions leading to safety/
toxicity concerns in the clinic. Challenges arise with interpreting cell-based transporter 
assays when substrates or inhibitors impact more than one actively expressed transporter. 
The goal of this study was to assess transporter activity after using zinc finger nuclease (ZFN) 
technology to knock out specific efflux transporter genes in C2BBe1 cells, a subclone of 
Caco-2. After ZFN pairs targeting specific transporter genes were nucleofected into C2BBe1 
cells, clones were selected and sequenced at gene target sites. Genotypes were confirmed 
for out-of-frame disruptions in each allele. Transport function in C2BBe1 (WT) and MDR1, 
BCRP, or MRP2 knockout (KO) cell lines was tested in Transwell bidirectional assays using 
probe substrates at 5 µM for two hours at 37 °C. Contents of both chambers were analyzed 
for drug content using LC/MS-MS, and permeability was calculated for both directions. 
Lucifer yellow permeability was measured post-assay to verify monolayer integrity. The 
efflux ratios (ER) for digoxin and erythromycin were reduced from 17.7 and 16.8 in the 
WT cells to 1.4 and 1.04 in the MDR1 KO cells, respectively. The ER for 5(6)-carboxy-2',7'-
dichlorofluorescein was reduced from 30.0 in the WT cells to 1.92 in the MRP2 KO. The ER for 
estrone 3-sulfate and nitrofurantoin were reduced from 22.7 and 13.2 in the WT to 1.76 and 
1.68 in the BCRP KO cells, respectively. Double knockout cell lines (MDR1/BCRP KO, MDR1/
MRP2 KO and MRP2/BCRP KO) were also generated and used to identify crossover substrates. 
Cimetidine was confirmed as a substrate of both P-gp and BCRP using the MDR1/BCRP KO 
cell line. Sulfasalazine transport required BCRP and possibly MRP2, but also an additional MRP 
transporter expressed in Caco-2 cells, such as MRP3, 4 or 6. Contrary to previously published 
accounts, colchicine did not appear to interact with MRP2. Colchicine was predominantly 
effluxed by P-gp and also interacted with a basolateral MRP efflux transporter, probably 
MRP3. These novel transporter knockout cell lines are a valuable new tool to identify specific 
transporters involved in drug absorption and disposition. In addition, the use of stable 
knockout cell lines allows unambiguous interpretation of transporter interaction without the 
uncertainty of overlapping specificity associated with the use of chemical inhibitors.

Introduction 
Membrane drug transporters have been identified as a determinant of drug disposition in 
the body, potentially affecting absorption, pharmacokinetics, drug-drug interactions and 
safety profiles. The major efflux transporters of the ABC family, including P-glycoprotein 
(P-gp, ABCB1, MDR1 gene), BCRP (ABCG2) and MRP2 (ABCC2), are localized to barrier tissues 
of the body such as intestine, liver, kidney, blood-brain barrier and placenta, where they 
efflux a wide range of xenobiotics and chemicals, affecting exposure and clearance in vivo. 

The FDA and EMA have recently issued guidelines for drug transporter in vitro studies in 
the pharmaceutical and biotech industries; drug interactions at clinical concentrations may 
indicate additional clinical trials are needed during drug development. Caco-2 intestinal 
enterocytes are commonly used in bidirectional transport studies assessing intestinal 
absorption. These cells express multiple transporters and so require transporter-specific 
substrates or inhibitors as controls. However, substrates are often recognized by multiple 
transporters at different affinities, and the specificity of inhibitors is often dose dependent or 
poorly understood, leading to mistaken interpretations of transporter interaction. 

Zinc finger nucleases (ZFNs) are a class of engineered DNA-binding proteins that facilitate 
targeted editing of the genome by creating double-strand breaks in DNA at user-specified 
locations. Double-strand breaks are important for site-specific mutagenesis in that they 
stimulate the cell’s natural DNA-repair processes, namely homologous recombination and 
Non-Homologous End Joining (NHEJ). ZFNs cleave double strand DNA sequence-specifically 
and take advantage of the error-prone NHEJ pathway for repair, often introducing deletions 
and/or insertions and leading to the disruption of the target gene. These cellular processes 
can be harnessed to generate precisely targeted genomic edits resulting in cell lines with 
targeted gene knockouts.
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Figure 1: ZFN targeting mechanism
ZFNs function as dimers. Each monomer consists of the Fok1 DNA endonuclease domain 
fused to 4-6 zinc finger DNA-binding domains, which designate the specific target site for 
cleavage. Once a double strand break (DSB) is created, the cell repairs the lesion by non-
homologous end-joining (NHEJ), which results in either a wildtype allele, or a mutant allele 
containing a deletion and/or an insertion. 

The MDR1, BCRP and MRP2 efflux transporter genes were targeted for ZFN-mediated 
knockout in a Caco-2 cell line. The resultant panel of single or double knockout cells shows 
disruption of gene sequence as well as complete loss of transporter function in bidirectional 
transport assays to at least passage 40. We describe here the functional characterization 
of these cells using a set of standard compounds targeting single transporters, as well as 
compounds displaying overlapping specificity. These novel cells are a powerful tool now 
available for use in elucidating transporter interactions without dependence on chemical 
inhibitors, clarifying the potential impact of specific efflux transporters in drug disposition. 

Methods
Cell Culture:
Caco-2 subclone C2BBe1cells were obtained from ATCC and cultured in DMEM High Glucose 
with 10% Fetal Bovine Serum, sodium pyruvate, non-essential amino acids, L-Glutamine and 
Pen/Strep. 

Cell Line Modification:
The CompoZr® protocol for cell line modification was used to deliver ZFN pairs into the 
C2BBe1 cells by nucleofection1. Viable cells were single cell sorted by flow cytometry and 
resultant colonies were tested for mutations. Genomic DNA was amplified using ZFN Cel 
1 primers followed by PCR on target regions using nested primers. DNA sequence of the 
target regions was analyzed to confirm gene disruption through deletion or insertion.

Bidirectional Transport Assay:
C2BBe1 cells (wildtype, WT or knockout, KO) were cultured on 24 well Costar Transwell® 
plates for 20-22 days. Apical and basolateral chambers were rinsed twice and then 
pre-incubated at 37 °C for 30-60 min with Transport Buffer (HBSS, 25 mM glucose, 10 mM 
HEPES, pH 7.4). Test articles at 5 µM in Transport Buffer were added to donor chambers 
with fresh transport buffer added to opposite chambers (receiver). If used, inhibitors were 
included in both chambers. Plates were incubated at 37 °C for two hours. Samples from both 
donor and receiver chambers were quantified for test articles by LC/MS/MS or fluorescence.

Figure 2: Bidirectional Transport Assay
Transporter proteins are expressed on either the apical or basolateral membrane of Caco-2 
cells. The apical membrane expression of P-gp, BCRP and MRP2 results in preferential 
transport of substrates to the apical chamber of the Transwell plate. 

Lucifer yellow (LY) permeability was examined post-assay to confirm monolayer integrity. LY 
solution was placed in apical chambers, with fresh transport buffer in basolateral chambers. 
Plates were incubated at 37 °C for one hour. Samples from basolateral chambers were 
scanned for fluorescence at 485nm emission, 538nm excitation. Wells were excluded from 
results if LY permeability was >2 x 10-6 cm/sec.

Analysis by LC-MS/MS:
Concentration of test articles in samples was analyzed by LC-MS/MS using an API-4000 Q 
Trap mass spectrometer with a Turbo V atmospheric pressure electrospray ionization source 
(AB SCIEX, Framingham, MA). Samples (40 μl) were injected onto a Fortis C8 column (2.1 × 
50 mm, 5 μm) and eluted by a mobile phase gradient specific for each test article (mobile 
phase A: 4 mM ammonium formate; mobile phase B: 4 mM ammonium formate in 90% 
(v/v) acetonitrile). Flow rate was 0.5 ml/min. MS conditions: positive or negative ionization 
mode with multiple reaction monitoring specific for each analyte and internal standard 
(tolbutamide) parent-product ion pairs. Peak areas of analyte and internal standard and 
resulting ratios were quantified using Analyst 1.5 (AB SCIEX, Framingham, MA).

Analysis of CDCF by fluorescence:
The non-fluorescent 5(6)-carboxy-2',7'-dichlorofluorescein-diacetate (CDCFDA) is taken up 
by passive diffusion into Caco-2 cells, where it undergoes hydrolysis to form the fluorescent 
product CDCF. CDCF is then effluxed from the cell by active transport. Samples from 
Transwell chambers post-assay were quantified by fluorescence at 485nm emission, 538nm 
excitation and compared to standard curves of CDCF to determine concentration. 

Calculations:
The apparent permeability (Papp, cm/sec) was determined for both A→B and B→A directions 
by the following calculation: 
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in which A = area of filter membrane, CD(0) = initial concentration of the test drug, dMr = the 
amount of transported drug, and dt = time elapsed. The efflux ratio (ER) was determined from:

ER = Papp B-A/Papp A-B 

ER greater than 2 indicates an active transport process.

Reduced ER to <2 in KO lines identifies test article as substrate to lost transporter.

Results
Key: ZFN BINDING SITE   zfn cut site   Deletion    Insertion

1. MDR1 KO genomic analysis:

MDR1 Allele 1: 2 bp deletion
GCCATCAGTCCTGTTCTTGGACtgtcaGCTGCTGTCTGGGCAAAGGTAGGTGAAGCC

MDR1 Allele 2: 4 bp deletion 

GCCATCAGTCCTGTTCTTGGACtgtcaGCTGCTGTCTGGGCAAAGGTAGGTGAAGCC

MDR1 Allele 3: 5 bp deletion

GCCATCAGTCCTGTTCTTGGACtgtcaGCTGCTGTCTGGGCAAAGGTAGGTGAAGCC

MDR1 Allele 4: 9 bp deletion + 1 bp insertion

GCCATCAGTCCTGTTCTTGGACtgtcAaGCTGCTGTCTGGGCAAAGGTAGGTGAAGCC

2. MRP2 KO genomic analysis:

MRP2 Alleles 1 and 2 – 9 bp deletion

CTACTGTGTCTCCCTAGTCCATGATggcagtGAAGAAGAAGACGATGACTATGGGCTGAT

MRP2 Alleles 3 and 4 - 36 bp deletion

CTACTGTGTCTCCCTAGTCCATGATggcagtGAAGAAGAAGACGATGACTATGGGCTGAT

*Note: ZFN target site overlaps splice site, disruption results in dysfunctional translation 

3. BCRP KO genomic analysis:

BCRP Alleles 1 and 2 - 4 bp deletion

GATCAGCTACACCACCTCCTTCTGTcatcaACTCAGATGGGTTTCCAAGCGTTC

BCRP Alleles 3 and 4 - 5 bp insertion

GATCAGCTACACCACCTCCTTCTGTcGTCATatcaACTCAGATGGGTTTCCAAGCGTTC

Figure 3: Creation of gene knockouts in C2BBe1 cells 
Schematics of the genomic sequence at the target region recognized by the ZFN pair 
flanking the ZFN cut site, showing site-specific modification at the transporter gene loci in 
C2BBe1 cell line. Single knockout cell lines are shown as examples; base pair (bp) deletions 
or insertions cause loss of transporter function.

Specific Substrates for P-gp, BCRP and MRP2
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Figure 4: Efflux ratios of transporter-specific substrates
Transport data using WT and single KO cell lines demonstrating functional knockout of 
transporter activities using specific substrates. P-gp substrates Digoxin and Erythromycin, BCRP 
substrates Estrone Sulfate and Nitrofurantoin and MRP2 substrate CDCF show loss of polarized 
transport in MDR1 KO, BCRP KO and MRP2 KO cells, respectively. Values = mean ± SD, n ≥ 3 
assays of triplicates.
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Figure 5: Transport of Cimetidine 
Cimetidine transport data using WT and KO cell lines demonstrating partial loss of 
transporter activity in MDR1 KO, BCRP KO or MRP2/BCRP KO. Total loss of active transport is 
observed in MDR1/BCRP KO. These data suggest Cimetidine is a substrate for both P-gp and 
BCRP transporters. Values = mean ± SD, n ≥ 3 assays of triplicates.
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Figure 6: Transport of Sulfasalazine
Sulfasalazine transport data using WT and KO cell lines demonstrates a partial loss of 
transporter activity in all BCRP KO cell lines. In other cells, either 25 µM MK571 (MRP family 
inhibitor), or 1 µM Ko143 (BCRP inhibitor), partially decreases transport activity. Total loss of 
Sulfasalazine transport is observed in all BCRP KO lines in the presence of 25 µM MK571, or in 
the MRP2 KO and MDR1/MRP2 KO line using both inhibitors. These data suggest that 
Sulfasalazine is a substrate for BCRP but is also recognized by an additional unidentified MRP 
transporter present in Caco-2 cells, such as MRP3, 4 or 6. MRP2 involvement does not appear 
significant. Values = mean ± SD, n ≥ 3 assays of triplicates.

0

5

10

15

20

25

30

35

40

C2BBe1 MDR1 KO BCRP KO MRP2 KO MDR1/BCRP
KO

MDR1/MRP2
KO

MRP2/BCRP
KO

Ef
flu

x 
R

at
io

 (B
-A

/A
-B

)

Colchicine

Colchicine + 25 µM MK571

Fexofenadine

Fexofenadine + 25 µM MK571

Figure 7: Transport of Colchicine, Fexofenadine
Similar transport profiles were noted for Colchicine and Fexofenadine. Transport data for WT 
and KO cell lines show loss of transporter activity in all MDR1 KO cell lines, demonstrating 
that these compounds are P-gp substrates. However, efflux ratios in the MDR1 KO cells are 
consistently below 1, indicating a shift to basolateral efflux for Colchicine and Fexofenadine 
once P-gp activity is lost. The addition of 25 µM MK571 in the assay significantly increases 
efflux ratios to 1.0 – 1.5, suggesting the inhibition of a basolateral efflux MRP transporter, 
probably MRP3. Thus, these data identify Colchicine and Fexofenadine as P-gp and 
(tentatively) MRP3 substrates. MRP2 involvement does not appear significant. Values = mean 
± SD, n ≥ 3 assays of triplicates.

Conclusion
  We have generated stable MDR1, BCRP and MRP2 single and double knockout Caco-2 cell 

lines using Zinc Finger Nuclease technology. 
 – The transporter KO cell lines show disrupted DNA sequence due to ZFN activity.
 –  The transporter KO cell lines show loss of transporter function using specific substrates in 

the bidirectional transport assay format. 
 –  The transporter KO cell lines are stable in culture to at least passage 40 post-transfection 

(data not shown). 

 We have demonstrated total loss of functional transporter activity in KO cell lines 
compared to parental cell line in a standard transwell assay.

 –  P-gp substrates Digoxin and Erythromycin lose polarized efflux in MDR1 KO cell lines
 –  BCRP substrates Estrone 3-sulfate and Nitrofurantoin lose polarized efflux in BCRP KO  

cell lines
 –  MRP2 substrate CDCF loses polarized efflux in MRP2 KO cell line.
 –  Cimetidine is identified as a substrate of both P-gp and BCRP due to loss of polarized 

efflux in MDR1/BCRP double KO cell line. 

 The transporter KO cell lines can clarify complex drug-transporter interactions, revealing 
additional transporter involvement.

 –  Sulfasalazine is identified as a substrate of BCRP and an MRP transporter sensitive to the 
inhibitor MK571; MRP2 activity is not significant. 

 –  Colchicine and Fexofenadine are identified as P-gp and MRP3 substrates.   

  These KO cell lines are a valuable tool for application in drug discovery transporter 
interaction assessment without dependence on the uncertainties of chemical inhibition 
specificities.
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