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Abstract

STAT3 which is a member of the family of signal transducers and activators of transcription is an 
oncogene and it is constitutively activated in numerous cancer cell lines and human cancers 
including breast, lung, head and neck, liver, and pancreas. Another STAT family member STAT1 
possesses cancer-inhibitory properties and once activated may promote apoptosis in tumor cells. 
Thus STAT3 has been identified as a promising drug discovery target for many cancers. Ideally the 
potential inhibitors of STAT3 should be very selective and should not inactivate STAT1. 

To better address these cancer-research important genes, we tagged STAT3 and STAT1 loci with 
fluorescent protein (FP) sequences (RFP and GFP respectively) by targeted integration via Zinc-
Finger Nuclease (ZFN) mediated homologous recombination in cancer derived cell lines. ZFN 
technology is a fast and reliable way to manipulate the genome in a targeted fashion. ZFNs are 
synthetic proteins engineered to bind DNA at a sequence-specific location and create a double 
strand break (www.compozrzfn.com). The cell’s natural machinery repairs the break in one of two 
ways: non-homologous end joining or homologous recombination. 

Utilizing the homologous recombination pathway that ZFNs induce, we successfully inserted 
the FP transgenes into the desired target locations – at the N-terminus of the STAT3 locus and at 
the C-terminus of the STAT1 locus. Three cell lines were created, two with the single STAT tagged 
and a third with both STATs tagged. Integration resulted in endogenous expression of fluorescent 
STAT3 and STAT1 chimeric fusion proteins in the A549 cell lines. Functional analyses of knock-in 
cell lines indicated that both STAT3 and STAT1 native gene regulation is conserved resulting 
in normal levels of protein expression and preservation of protein function. When stimulated 
with IL-6 or INF-γ, A549 cells showed fast and robust nuclear translocation of RFP-STAT3 or 
STAT1-GFP respectively. Cell pre-incubation with a known specific STAT3 inhibitors showed that 
STAT1-GFP, INF-γ-induced translocation was not impaired. Thus, these cell lines provide a simple 
and convenient method for high-content screening and pre-clinical testing of potential STAT3 
inhibitors while ensuring that the STAT1 pathway is not affected. This approach of ZFN-tagging 
endogenous genes could be applied to other cancer targets. 

Introduction 

Signal Transducers and Activators of Transcription (STATs) 
are transcription factors that mediate signaling by cytokines. 
Following type I IFN (IFN-α and IFN-β), type II INF (INF-γ) or other 
cytokines binding to cell surface receptors, Jak kinases (TYK2 and 
JAK1) are activated, leading to tyrosine phosphorylation of STATs. 
The phosphorylated STATs dimerize, associate with ISGF3G/IRF-9 
to form a complex termed ISGF3 transcription factor that enters 
the nucleus. ISGF3 binds to the IFN-stimulated response element 
(ISRE) to activate the transcription of interferon stimulated genes 
that drive the cell in an antiviral and/or anti-cancer state. 

It was shown that STAT3 is constitutively activated in numerous 
cancer cell lines and in nearly 70% of solid and hematological 
human cancers including multiple myeloma, several lymphomas 
and leukemias, breast cancer, head and neck cancer, prostate 
cancer, ovarian carcinoma, melanoma, renal carcinoma, 
colorectal carcinoma and thymic epithelial tumors 1. Therefore STAT3 is considered to be an 
oncogene 2-3. The inhibition of STAT3 induces apoptosis in melanoma cells and suppresses the 
growth of head and neck tumors in nude mice 4-5. On the contrary another STAT family member 
– STAT1 is anti-oncogenic and it promotes apoptosis in tumors by inducing the expression of cell 
surface death receptors and their ligands. STAT1 is also known to act as a negative regulator of 
tumor growth and metastasis by playing a key role in the inhibition of angiogenesis6. 

It means that a potential anti-cancer drug candidate should selectively inhibit STAT3 while not 
affecting STAT1. STAT3 inhibitors usually interact with the SH2 domain that participates in binding 
to the phosphorylated cytokine receptor as well as in STAT3 dimerization. So a small molecule 
that can penetrate the cell membrane, directly and selectively bind the STAT3 SH2 domain to 
prevent STAT3:STAT3 dimerization, and does not interfere with STAT1 signal transduction is highly 
desired for cancer treatment 4, 7-8. 

Our goal was to design a cell model system where activities of both STAT3 and STAT1 could 
be easy monitored and the potential STAT3 (but not STAT1) inhibitors might be tested. In the 
cell lines where the STAT genes are endogenously tagged with FPs, the cytokine-induced 
nuclear translocation might be quantified by using the fraction localized in the nucleus (FLIN) 
measurement 7, 9. The inhibitor activity of tested compounds (IC50) might be calculated by using 
4-Parameter Logistic Model/Dose Response/XLfit 4.2, IDBS software 7.
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Methods

A549 (Cat. No. CCL-185) cells were obtained from ATCC. A549 were grown in RPMI-1640, 2 mM 
glutamine, 10% FBS in 5% CO2, 37°C.

ZFN nucleofections were performed with the Amaxa® Nucleofector® device (Cat. No. AAD-1001) 
and Nucleofector® Kit T or Nucleofector® Kit V (Cat. No. VCA 1002 or Cat. No. VCA-1003) from Lonza 
AG according to the product manual. Donor plasmids were designed and constructed in house.

Fluorescent reporter genes were obtained from Evrogen (http://evrogen.com/products/TagFPs.
shtml). CompoZr® ZFNs were designed and manufactured by Sigma-Aldrich. Fluorescent 
microscopy was performed with a Nikon Eclipse TE2000-E inverted research microscope and 
MetaMorph® software. Unless otherwise indicated, all reagents and materials used in this work 
were obtained from Sigma-Aldrich (St. Louis, MO USA).

Cpd3 (IUPAC: 4-[(1E)-3-(2,3-dihydro-1,4-benzodioxin-6-yl)-3-oxoprop-1-en-1-yl]benzoic 
acid) and other STAT3 inhibitors7 were ordered via www.molport.com (Cpd3 MolPort ID: 
MolPort-001-889-847, supplier ChemDiv) 

Summary of Key Findings

We used CompoZr® ZFN technology to develop knock-in A549 cell lines expressing the STAT3 gene 
endogenously tagged with RFP at the N-terminus and the STAT1 gene endogenously tagged with GFP 
at the C-terminus (either separately or in combination). 

Functional analysis indicated that both STAT3 and STAT1 native gene regulation is conserved resulting 
in normal levels of protein expression and preservation of protein functions. When stimulated with IL-6 
and INF-γ, the cells showed fast and robust nuclear translocation of both RFP-STAT3 and STAT1-GFP 
(Fig. 3). The cytokine activation was very specific: in the double tagged cell line IL-6 activated only RFP-
STAT3 (Fig. 4) and INF-γ activated only STAT1-GFP (Fig. 5). The INF-β-1a activated both STATs (data not 
shown). Other tested cytokines and growths factors (IL-10, TGF-β1, TGF-α and EGF) were not effective 
for both STATs (data not shown). 

To test the inhibitory activity, the cells were pre-incubated with a STAT3 inhibitor for 1 hour at 37°C and 
then stimulated with the IL-6 /INF-γ mixture (100 ng/ml each). Among several known STAT3 inhibitors 
tested in this model system, Cpd3 that specifically interacts with the peptide-binding pocket of the STAT3 
SH2 domain was most effective and least cytotoxic 7. Starting at 5-10 μM this compound effectively 
suppressed IL-6-induced nuclear translocation of RFP-STAT3 while INF-γ-induced redistribution of STAT1-
GFP was not impaired (Fig. 6). At concentrations up to 60 μM Cpd3 was not cytotoxic (24 hour incubation) 
and did not interfere with RFP or GFP fluorescence (data not shown). 

The nuclear staining with vital nuclear marker Hoechst 33342 did not interfere with STAT’s activation 
and nuclear translocation (Fig. 7) and could be used for FLIN measurements. The expression level 
of both tagged STATs is high enough to be detectable using a 20x high NA air objective that is 
conventional for high-throughput fluorescence microscopy (Fig. 7). 

Thus these cell lines provide a simple and convenient method for high-content screening and pre-
clinical testing of potential STAT3 inhibitors while ensuring that the STAT1 pathway is not affected. These 
models might also be valuable for testing compounds that selectively activate the STAT1 and STAT3 
pathways. An activated STAT1 induces anti-proliferative and pro-apoptotic genes that directly hamper 
tumor growth 10. The identification of selective STAT3 modulators may provide useful tools for exploring 
STAT3 biology in cardiovascular and inflammatory disease. Recently it was shown that the selective and 
targeted activation of STAT3 decreases cardiac hypertrophy, apoptosis, and inflammation 11. 
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Figure 1: ZFN targeting mechanism. A. ZFNs bind to the target site. Then the FokI endonuclease domains 
dimerize and make a double strand break (DSB) between the binding sites. DSBs are repaired by either an 
error-prone NHEJ pathway or high-fidelity homologous recombination. In the presence of a donor DNA having 
homology flanking the target site, homologous recombination can use the donor as a template to repair the DSB, 
achieving targeted integration. B. Generic workflow. The donor plasmid consists of homologous arms (HA-L and 
HA-R) of the ZFN cut site flanking a fluorescent reporter molecule (GFP).

A 

Figure 2: Schematics of the STAT1 and STAT3 tagged loci. The upper schematic gives the gene sequence 
and shows the relative positions for the ZFN binding site / ZFN cut site and the targeted integration site. The 
lower schematic shows the integration position of the donor relative to the introns and exons of the gene. 
The donor (top) design is shown with the homology arms of indicated length and the fluorescent protein (FP) 
sequence (green). 
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Figure 3: Fluorescence microscopy 
and differential interference contrast 
(DIC) images of isolated single cell 
clones expressing the STAT3 and 
STAT1 genes endogenously tagged 
with RFP at the N-terminus and 
GFP at the C-terminus respectively 
(A549 cell line). The STAT3 and STAT1 
images were taken 40 minutes 
after the addition of a mixture of 
100 ng/mL each of IL-6 and INF-γ. 
Final color overlay in the nucleus is 
yellow, represented by the traffic 
light schematic. STAT3 and STAT1 are 
completely translocated to nucleus.
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Figure 4: The STAT3 and STAT1 
images were taken 20 minutes 
after addition of 100 ng/mL of IL-6. 
100 ng/mL of INF-γ was added 
22 minutes after IL-6 and final 
images were taken 25 minutes 
after INF-γ addition. Final color 
overlay in the nucleus is red then 
yellow, represented by the traffic 
light schematic. STAT3, not STAT1, 
is activated by IL-6. INF-γ activates 
STAT1.
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Figure 5: The STAT3 and STAT1 
images were taken 20 minutes after 
addition of 100 ng/mL of INF-γ. 100 
ng/ml of IL-6 was added 25 minutes 
after INF-γ and final images were 
taken 35 minutes after IL-6 addition. 
Final color overlay in the nucleus is 
green then yellow, represented by 
the traffic light schematic. STAT1, 
not STAT3, is activated by INF-γ. IL-6 
activates STAT3.
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Figure 6: Cells were pre-incubated 
for 1 hour with 10 µM Cpd3, 
a specific STAT3 inhibitor. The 
addition of a mixture of 100 ng/
mL each of IL-6 and INF-γ did not 
induce STAT3 nuclear translocation, 
but STAT1 translocated into the 
nucleus in the usual manner. The 
STAT3 and STAT1 images were 
taken 40 minutes after addition of 
the receptor ligands. Final color 
overlay in the nucleus is green not 
yellow, represented by the traffic 
light schematic. STAT3, not STAT1, 
translocation is blocked by Cpd3.
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Figure 7: Fluorescence microscopy 
and differential interference contrast 
(DIC) images of an isolated single 
cell clone expressing the STAT3 and 
STAT1 genes. Cells were stained with 
supravital nuclear stain Hoechst 
33342 (blue) prior to STAT3/STAT1 
induction. The STAT3 and STAT1 
images were taken 40 minutes after 
addition of a mixture of 100 ng/
mL each of IL-6 and INF-γ. The oil 
objective 40X was changed to an 
air objective 20X and images of the 
same position were taken. The frame 
area in the 20X DIC image covers 
the entire 40X image area. 
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Product Number Product Name Human Cell Line Origin Gene(s) and Terminus of Protein Tag Cellular Function of Tagged Protein
CLL1031 U2OS GFP-TUBA1B Osteosarcoma TUBA1B (N) Cytoskeletal protein
CLL1032 U2OS GFP-ACTB Osteosarcoma ACTB (N) Cytoskeletal protein
CLL1033 U2OS GFP-LMNB1 Osteosarcoma LMNB1 (N) Nuclear envelope protein
CLL1034 U2OS RFP-TUBA1B Osteosarcoma TUBA1B (N) Cytoskeletal protein
CLL1035 U2OS RFP-ACTB Osteosarcoma ACTB (N) Cytoskeletal protein
CLL1036 U2OS GFP-HMGA1 Osteosarcoma HMGA1 (C) Nuclear DNA binding protein
CLL1037 U2OS GFP-ACTB RFP-TUBA1B Osteosarcoma ACTB (N) and TUBA1B (N) Cytoskeletal proteins
CLL1038 U2OS BFP-LMNB1 RFP-ACTB Osteosarcoma LMNB1 (N) and ACTB (N) Nuclear envelope protein and Cytoskeletal protein
CLL1218 U2OS LMNB1-TUBA1B-ACTB Osteosarcoma LMNB1 (N), TUBA1B (N), and ACTB (N) Nuclear envelope protein and Cytoskeletal proteins
CLL1039 MCF10A RFP-TUBA1B Breast epithelium TUBA1B (N) Cytoskeletal protein
CLL1136 U2OS GFP-NUP98 Osteosarcoma NUP98 (N) Nuclear pore protein
CLL1097 A549 CELLS EGFR BIOSENSOR Lung carcinoma GFP-tagged Grb2 SH2 binding domain for activated EGFR Receptor binding domain (activated EGFR)
CLL1141 A549 GFP-EGFR Lung carcinoma EGFR (C) Cell surface receptor protein
CLL1143 SKOV3 GFP-HER2 RFP-EGFR Ovarian adenocarcinoma HER2 (C) and EGFR (C) Cell surface receptor proteins
CLL1135 SKOV3 GFP-HER2 Ovarian adenocarcinoma HER2 (C) Cell surface receptor protein
CLL1139 SKOV3 GFP-STAT3 Ovarian adenocarcinoma STAT3 (N) Signaling pathway protein
CLL1140 A549 RFP-STAT3 Lung carcinoma STAT3 (N) Signaling pathway protein
CLL1167 A549 GFP-SMAD4 Lung carcinoma SMAD4 (C) Signaling pathway protein
CLL1158 A549 GFP-STAT1 Lung carcinoma STAT1 (C) Signaling pathway protein
Custom Order A549 RFP-STAT3 GFP-STAT1 Lung carcinoma STAT3 (N) and STAT1 (C) Signaling pathway protein
CLL1149 A549 GFP-CTNNB1  RFP-LMNB1 Lung carcinoma CTNNB1 (N) and LMNB1 (N) Signaling pathway protein

Table 1: Current FP-tagged Cell Lines.
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