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Abstract: Since its discovery in mice and humans 19 years ago, the contribution of 

alternatively spliced Stat3, Stat3β, to the overall functions of Stat3 has been controversial. 

Tyrosine-phosphorylated (p) Stat3β homodimers are more stable, bind DNA more avidly, 

are less susceptible to dephosphorylation, and exhibit distinct intracellular dynamics,  

most notably markedly prolonged nuclear retention, compared to pStat3α homodimers. 

Overexpression of one or the other isoform in cell lines demonstrated that Stat3β acted as a 

dominant-negative of Stat3α in transformation assays; however, studies with mouse strains 

deficient in one or the other isoform indicated distinct contributions of Stat3 isoforms to 

inflammation. Current immunological reagents cannot differentiate Stat3β proteins derived 

from alternative splicing vs. proteolytic cleavage of Stat3α. We developed monoclonal 

antibodies that recognize the 7 C-terminal amino acids unique to Stat3β (CT7) and do not 

cross-react with Stat3α. Immunoblotting studies revealed that levels of Stat3β protein, but 

not Stat3α, in breast cancer cell lines positively correlated with overall pStat3 levels, 
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suggesting that Stat3β may contribute to constitutive Stat3 activation in this tumor system. 

The ability to unambiguously discriminate splice alternative Stat3β from proteolytic Stat3β 

and Stat3α will provide new insights into the contribution of Stat3β vs. Stat3α to 

oncogenesis, as well as other biological and pathological processes. 

Keywords: Stat3β; Stat3 beta; isoform; alternative RNA splicing; CT7; phosphorylation; 

monoclonal; oncogenesis; breast cancer; regulation  

 

1. Introduction 

Signal transducer and activator of transcription (Stat) 3 belongs to a family of seven proteins (STATs 1, 

2, 3, 4, 5A, 5B and 6) involved in signal transduction downstream of cytokine and growth factor 

receptors. Stat3 activation involves its phosphorylation on Y705 by Jak or receptor intrinsic tyrosine 

kinases followed by it homodimerization and accumulation within the nucleus [1]. Stat3 plays 

important roles in acute phase (stress) responses [2–4]. Constitutively tyrosine-phosphorylated (p) 

Stat3 has been found and implicated in the initiation and progression of many cancers, including breast [5], 

pancreas [6–8], head and neck squamous cell carcinoma (HNSCC) [9], leukemias, and lymphomas [10,11]. 

Like most other STAT proteins, two major isoforms of Stat3 are found in cells; the more abundant 

full length (770 aa, 92 kDa) Stat3α and the less abundant truncated (722 aa, 83 kDa) Stat3β, generated 

through alternate splicing of exon 23 [12]. Stat3β lacks the 55 amino acid, C-terminal, trans-activation 

domain and due to a change in reading frame, also has an insertion of 7 unique amino acids (the CT7 

epitope) at its carboxy terminal end [12] (Figure 1). Another truncated form of Stat3 has been identified 

that is similar in size to Stat3β (approximately 83 kDa) but is generated by protease-mediated cleavage 

of Stat3α [13]. This form of Stat3β (referred to as Stat3β-deg) lacks the unique CT7 epitope. 

The ratio of Stat3α to Stat3β in various cells, ranges from 4:1 to 10:1 at the mRNA level, and 1:3 to 10:1 

at the protein level [12,14,15], which suggested that the functions of the two isoforms may be  

non-overlapping [12]. Because Stat3β lacks the transactivation domain, it was initially thought to be 

ineffective in activating gene transcription and that it acted as a dominant negative reducing Stat3α 

transcriptional function [16]. However other studies clearly revealed a role of Stat3β in gene 

transcription [17,18] through cooperation with c-Jun [19,20] or through forming hetero dimers with 

Stat3α [21]. Mice selectively lacking Stat3β were found to be viable and fertile compared to mice 

lacking both Stat3 isoforms; macrophages from Stat3β-deficient mice demonstrated normal production 

of IL-6, IL-1β and TNF-α following LPS-treatment [22]. However, these mice were hypersensitive to  

endotoxin-induced inflammation and were able to both upregulate and downregulate multiple genes, 

indicating distinct transcriptional functions [22]. Comparing mice that specifically lacked either Stat3α 

or Stat3β, Maritano et al also confirmed that in contrast to Stat3β, which is not required for viability,  

Stat3α-deficient mice died within 24 h of birth [23]; however, Stat3β could rescue the embryonic 

lethality at 6.5 days of a total Stat3 deletion. Their findings also clearly indicated a role for Stat3β in 

inflammation and indicated that Stat3β, rather than being simply a dominant negative of Stat3α can activate 

a set of specific Stat3 target genes [23]. Stat3β also, was reported to play a major role in G-CSF-induced 
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granulocytic differentiation of normal CD34+ myeloid progenitors [14,15,24,25]; activation and/or 

overexpression of Stat3α during this process resulted in proliferation rather than differentiation [26]. 

Figure 1. Schematic overview of domains of Stat3α and Stat3β and their derivation by 

normal splicing of the Stat3 gene or alternative splicing, respectively. Use of an alternative 3' 

splice acceptor site in exon 23 of the Stat3 gene (A, middle panel) generates the Stat3β 

isoform (A, lower panel) with the loss of 50 nucleotides from the exon and a frame shift,  

to add 21 nucleotides coding seven unique amino acids followed by a stop codon, within 

the exon 23 (A, B lower panels). This leads to a truncated Stat3β in place of the normally  

intron-spliced Stat3α (A, B upper panels). 

 

Cellular characterization of Stat3 isoforms revealed that Stat3β translocates to the nucleus either at 

the same rate [27] as Stat3α or a little faster [28]; once translocated, it is retained in the nucleus for 

much longer than Stat3α [27,28]. In addition, EGF-activated Stat3β is more stable and binds target 

DNA with higher affinity than equimolar concentrations of EGF-activated Stat3α [20] presumably, 

because of the dimer-destabilizing effect of the acidic C-terminal transactivation domain of Stat3α [20] 

absent from Stat3β. Stat3β also showed constitutive DNA-binding activity in the absence of EGF 

stimulation indicating a propensity of the isoform to form active, stable dimers capable of increased 

and stable DNA-binding [20]. Overexpression of Stat3β, but not Stat3α, along with the erythropoietin  

receptor-gp130 chimeric receptor in Cos-7 cells, led to nuclear translocation and increased DNA-binding 

activity even in absence of erythropoietin stimulation [29]. Transfection of a mutated Stat3 (Δ715, 

similar to natural Stat3β) also demonstrated constitutive activity suggesting the loss of negative 

regulation of both truncated proteins as a likely cause of ligand-independent (constitutive) activation. 
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Recent studies using inducible expression of either Stat3α or Stat3β in Stat3
−/−

(null) murine embryonic 

fibroblasts (MEFs) also confirmed the prolonged nuclear translocation as well as prolonged 

phosphorylation of Stat3β by oncostatin M (OSM) compared to Stat3α [28]. Furthermore, co-expression 

of Stat3β also increased and prolonged phosphorylation of Stat3α [28]. We hypothesized, based on these 

recent observations that increased expression of Stat3β might contribute to the increased constitutive 

levels of pStat3 frequently observed in cancer cells. 

Current immunological reagents are not specific for Stat3β, in particular, they are unable to 

differentiate Stat3β protein derived from alternative splicing from Stat3β protein resulting from 

proteolytic cleavage of Stat3α [13]. To test our hypothesis and to efficiently explore issues associated 

only with the Stat3β isoform formed by alternative splicing, we developed monoclonal antibodies that 

specifically recognize the 7 C-terminal amino acids (CT7 epitope, Figure 1) unique to Stat3β and that 

do not cross-react with Stat3α. We confirmed their stringent specificity using protein extracts from 

cells overexpressing either isoform, as well as purified recombinant Stat3 proteins with or without the 

CT7 epitope amino acids. We also used these antibodies to examine Stat3 isoform expression in a 

variety of cells, in particular, to assess the contribution of Stat3β to overall pStat3 levels within normal 

and cancer cells. Our results demonstrate that Stat3β levels positively correlate with overall pStat3 

levels, a finding at odds with its previously described dominant-negative anti-oncogenic role [16,30,31]. 

These studies indicate that the ability to unambiguously discriminate alternatively spliced Stat3β from 

Stat3β derived from proteolytic cleavage of Stat3 and from full-length Stat3α will provide new insights 

into the roles of Stat3β vs. Stat3 in oncogenesis. 

2. Results 

2.1. Stat3β Immunogen Design and Mouse Immunization 

Stat3 exists primarily as two isoforms, the longer form Stat3α (770 aa, 92 kDa) and the truncated 

Stat3β (722 aa, 83 kDa), which are expressed at the protein levels at approximately the ratio 4:1 (range 

from 4:1 to 10:1 at the mRNA level and from 1:3 to 10:1 at the protein level) in various cells [12,14,15]. 

Stat3α, the predominant splice form, is generated through splicing involving strong 5' splice donor 

sites, branch points, poly-pyrimidine tracts and 3' splice acceptor sites, present within intronic sequences. 

The Stat3β spliced form is generated by the use of an alternate, weaker splice acceptor site (as well as 

branch point and polypyrimidine tract) situated within the exon 23, leading to an altered reading frame and 

creating the addition of a stretch of seven unique amino acids (FIDAVWK/Phe-Ile-Asp-Ala-Val-Trp-Lys, 

Figure 1) followed by the introduction of a stop codon, thereby eliminating 55 amino acids from the  

C-terminal end of full length Stat3α. We added an additional 5 amino acids to this Stat3β-unique 

sequence and designed our immunizing peptide with the sequence DEPKGFIDAVWK (Asp-Glu-Pro-

Lys-Gly-Phe-Ile-Asp-Ala-Val-Trp-Lys). Five mice, numbered 146–150, were immunized a total of four 

times (first immunization followed by first, second and third booster immunizations) with two weeks 

between immunizations. Mice were bled 13 days after the second and third boosts. We checked the 

antibody titer of the mice by ELISA after the second and third boosts. 
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2.2. Antisera from Mice Immunized with CT7 Peptide Specifically Detect Stat3β by Immunoblotting 

Antisera from the five mice were tested for reactivity against Stat3β peptide, using ELISA 

(Supplemental Figure S1, Supplemental Table S1). Either the free peptide or BSA-conjugated peptide 

was immobilized on the plate to measure antibody titer in serum derived from immunized mice. 

Compared to the PBS-Free (or NMS-Free) and 1% BSA-PBS (or 1% BSA-NMS) controls, sera from 

all five immunized mice showed significant reactivity to both the free peptide or BSA-conjugated 

peptide, although BSA-bound peptide was generally more efficient for antibody capture. We then 

tested these anti-sera for their ability to detect specifically Stat3β by immunoblotting. Whole protein 

from 293 T cells mock transfected (transfection reagent only) or transiently (48 h) transfected with 

plasmids encoding either GFP-Stat3β, or GFP-Stat3α were separated by SDS-PAGE and transferred to 

nitrocellulose membranes and probed with the anti-sera from 5 mice as well with a monoclonal 

antibody (MoAb) against total Stat3 (tStat3; clone 124H6, Cell Signaling Technology). The tStat3 

MoAb could detect (Supplemental Figure S2) both GFP-Stat3β (approximately108 kDa) and GFP-Stat3α 

(approximately117 kDa). Antisera from mouse #147 and #148 clearly could detect only the GFP-Stat3β, 

without any detection of GFP-Stat3α (Supplemental Figure S2). 

2.3. Generation and Subcloning of Hybridomas 

We chose mouse #147 (Supplemental Figure S2) to generate hybridoma clones by fusing the 

isolated splenocytes with immortalized myeloma cells. Fifteen 96-well plates of hybridomas were 

generated from this fusion and screened for reactivity against Stat3β peptide by ELISA. Positives were 

selected based on an ELISA OD that was greater than 0.3, most positives having ODs that were greater 

than 1.5 [32]. There were 29 positives chosen after the first ELISA. Eight out of 29 were chosen based 

on their lack of substantial reactivity to an unrelated peptide (ADRP) in a second ELISA and followed 

over time in culture and screened again a third time. Three positive clones (516, 954 and 1488) were 

selected, based on the presence of activity to both free peptide as well as BSA-conjugated peptide, and 

lack of reactivity against the non-related peptide. These and three additional clones 364, 1314 and 

1412 were expanded and simultaneously screened by ELISA for ability to detect GFP-Stat3β by 

immunoblotting (Supplementary Figure S3). Culture supernatants from both 516 and 1488 could 

specifically detect GFP-Stat3β, with no reactivity to GFP-Stat3α. Although the 954 sup did not detect 

any band, we still selected all three clones 516, 954 and 1488 for sub-cloning. Sub-clones from three 

clones were generated using limiting dilution and after ELISA screening, four high-titer sub-clones [32] 

were selected each from the three clones. Four sub-clones from 516 (516G4, 516G10, 516H2, 516H5, 

Supplementary Figure S4A), one sub-clone from 954 (954E9, Supplementary Figure S4B) and two  

sub-clones from 1488 (1488 D5 and 1488 G6) were all found to specifically detect GFP-Stat3β, without 

detecting GFP-Stat3α. Three sub-clones, each from 516 G10, 954 E9 and 1488 G6, were positive by 

ELISA. Out of these, one sub-clone from 516 G10 (516 G10H9), two sub-clones from 954 E9 (954 

E9ED5, 954 E9E7) and one clone from 1488 G6 (1488 G6G5), all were tested by immunoblotting and 

found to specifically detect Stat3β and not Stat3α (Supplemental Figure S5). 
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2.4. IgG Purification 

IgG was purified from the bulk cultures of three clones, 516 G10H9, 954 E9E7 and 1488 G6G5 by 

ammonium sulphate precipitation and subsequent protein G purification. The protein G-adsorbed 

antibodies were eluted and pooled together (pool 1). The flow through was again passed through the 

column to recover all unadsorbed antibodies and were similarly eluted and pooled (pool 2). Purified 

antibodies (2 μL and 4 μL of pool 1, lanes 2 and 3; 2 μL and 4 μL of pool 2, lanes 4 and 5) were boiled 

with SDS-containing loading dye and separated by SDS-PAGE along with molecular weight markers 

(lane 1) and increasing amounts (1 µg, 2 µg, and 3 µg) of control protein BSA (lanes 7–9). Representative 

gels run as described above, for the three antibodies 516 G10H9 (upper panel), 954 E9E7 (middle panel) 

and 1488 G6G5 clearly show (Figure 2) the heavy and light chains in all the three monoclonals. 

Figure 2. Coomassie stain of the purified Stat3β specific monoclonal antibodies. 

Ammonium-sulphate precipitated proteins were passed through protein G columns. The 

protein G-adsorbed antibodies were eluted and pooled together (pool 1). The flow through 

was again passed through the column to recover all unadsorbed antibodies and were 

similarly eluted and pooled (pool 2). Exactly 2 μL and 4 μL of pool 1 (lanes 2 and 3) and 2 μL 

and 4 μL of pool 2 (lanes 4 and 5) of pure antibodies were boiled with SDS-containing 

loading dye and ran on PAGE along with molecular weight markers (lane 1) and increasing 

amounts (1 µg, 2 µg, 3 µg) of control protein Bovine Serum Albumin (BSA, lanes 7–9) and 

stained with coomassie. Representative gels run as described above, for the three antibodies 

516 G10H9 (upper panel), 954 E9E7 (middle panel) and 1488 G6G5 are shown. 
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The two pools of each antibody were pooled together and the protein quantity estimated to be 

approximately 1 mg/mL. These monoclonal antibodies were then tested (1:500 dilution) by 

immunoblotting and were found to detect specifically, GFP-Stat3β and not GFP-Stat3α (Figure 3A) 

transiently over-expressed in 293T cells, whereas the commercial tStat3 MoAb (clone 124H6) detected 

both, and the Stat3α-specific commercial MoAb (D1A5) specifically detected only GFP-Stat3α and not 

GFP-Stat3β (Figure 3B). Next, we checked the ability of various dilutions of the three monoclonals to 

specifically detect the same GFP-Stat3β overexpressing lysates (Figure 2C–E). Dilutions as low as 

1:10,000 could clearly detect GFP-Stat3β specifically. Even at the highest concentration tested (1:300), 

none of the Stat3β-specific monoclonals detected Stat3α. 

Figure 3. Stat3β monoclonals specifically detect Stat3β protein in cell protein extracts. 

Plasmids encoding fusion proteins Stat3α-GFP and Stat3β-GFP were transiently transfected 

into HEK 293T cells. Extracts (100 µg protein) from mock or plasmid transfected (48 h) 

cells were separated by SDS-PAGE, transferred to nitrocellulose membrane and replicate 

blots probed for (A) Stat3β using the three monoclonal antibodies 516 G10H9, 954 E9E7 

and 1488 G6G5 and (B) Stat3α (Clone D1A5), total Stat3 (clone 124H6) and GAPDH and 

visualized by chemiluminiscence. Various dilutions (ranging from 1:300 to 1:10,000) of 

the three Stat3β monoclonal antibodies 516 G10H9 (C), 954 E9E7 (D) and 1488 G6G5 (E) 

were used to probe 100 µg protein from 293T cells transiently transfected with plasmids 

encoding fusion proteins Stat3α-GFP and Stat3β-GFP and visualized by chemiluminiscence. 
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Figure 3. Cont. 

 

2.5. Dependence of Stat3β-Specific Monoclonal Antibodies to Detect Recombinant Stat3β upon 

Presence of the CT7 Epitope 

Having demonstrated the specificity of the Stat3β monoclonals in lysates of cells overexpressing 

one or the other Stat3 isoform, we next wanted to further confirm that their specificity mapped to the 7 

unique amino acids at the C-terminal of Stat3β. To this end, we cloned, expressed in bacteria, and 

purified three proteins—A truncated Stat3α devoid of 126 amino acids at its N-terminal end (Stat3α 

127–770), a truncated Stat3β devoid of 126 amino acids at its N-terminal end, but with the CT7 

epitope intact (Stat3β 127–722), and a truncated Stat3β devoid of 126 amino acids at its N-terminal end 

and also lacking the CT7 epitope (Stat3β 127–715). Decreasing amounts (100 ng, 30 ng, 10 ng, 3 ng,  

1 ng, 0.3 ng) of the pure Stat3α 127–770 and the Stat3β 127–722 were boiled with gel loading dye and 

subjected to SDS-PAGE, transferred to nitrocellulose membrane and probed with the three Stat3β 

monoclonals and commercial antibodies able to detect only Stat3α (clone D1A5) or both Stat3α and β 

(clone 124H6 against C-terminal epitope, and clone STAAD22A raised against amino acid residues 

149–662 of human Stat3). Each of the three Stat3β monoclonals detected only Stat3β 127–722 with 

the limit of detection being 10 ng at the 1:1000 dilution (Figure 4A). The Stat3α specific MoAb, on the 

other hand, detected only the Stat3α 127–770, although its sensitivity for Stat3α was higher (Figure 4A) 

than the Stat3β MoAbs with the limit of detection being 3 ng at 1:1000 dilution. In contrast, both the 

tStat3 MoAbs detected both Stat3α 127–770 and Stat3β 127–722 as shown in Figure 4B. Interestingly, 

along with the regular 73.1 kDa band corresponding to Stat3α 127–770, both tStat3 antibodies detected a 

lower molecular weight band roughly corresponding in size to Stat3β 127–722 (approximately 68.2 kDa). 

This band presumably represents degradation of Stat3α (127–770). As expected, the three Stat3β 

monoclonals did not detect this molecular weight-matched degraded Stat3β (Stat3β-deg), but could 

only detect Stat3β with the CT7 epitope, representing the alternative spliced form (Stat3β-spl). To further 

confirm the CT7 specificity of the Stat3β monoclonals, decreasing amounts of the Stat3β (127–722) 
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and the truncated Stat3β missing the CT7 amino acids, Stat3β 127–715, were subjected to SDS-PAGE 

and immunoblotted with the Stat3β monoclonals and the tStat3 MoAb (clone 124H6). As Figure 4C 

shows, each Stat3β monoclonal detected Stat3β (127–722), which contains the CT7 amino acids, but 

not truncated Stat3β 127–717, which is missing the CT7 amino acids. These findings convincingly 

establish that each recognizes only the CT7 epitope unique to Stat3β. Thus, they represent the ideal tool 

for identifying Stat3β-spl as opposed to Stat3β-deg. We increased the exposure time from 1' (Figure 4C) 

to 2' (Supplemental Figure S6) and still could not demonstrate any Stat3β (127–717) being detected by the 

monoclonals, further indicating their high degree of specificity. The high sensitivity of the antibodies to 

detect Stat3β (127–722) is apparent from a 10 sec exposure shown in (Supplemental Figure S6). 

Figure 4. Stat3β monoclonal antibodies are specific for the CT7 epitope found exclusively 

on Stat3β. Truncated pure Stat3α (amino acids 127–770), truncated Stat3β (amino acids  

127–722) and truncated Stat3β devoid of CT7 (amino acids 127–717) were purified from 

bacterial supernatants as described in the Methods section. Decreasing amounts (100 ng, 30 ng, 

10 ng, 3 ng, 1 ng, 0.3 ng) of truncated Stat3α (amino acids 127–770), truncated Stat3β 

(amino acids 127–722) were loaded onto consecutive wells and subjected to SDS-PAGE, 

transferred to nitrocellulose membranes and probed (A) with the three monoclonal 

antibodies 516 G10H9, 954 E9E7 and 1488 G6G5 as well as (B) Stat3α (Clone D1A5), 

two total Stat3 antibodies, one raised against a C-terminal peptide (clone 124H6) and one 

raised against a N-terminal peptide (aa 149–262, clone STAAD22A) and visualized by 

chemiluminiscence. Protein in a replica gel was also detected using silver staining and 

shown at the bottom of panel (B). In panel (C), decreasing amounts (100 ng, 30 ng, 10 ng, 

3 ng, 1 ng, 0.3 ng) of truncated Stat3β (amino acids 127–722) and truncated Stat3β devoid 

of CT7 (amino acids 127–717) were loaded onto consecutive wells and subjected to  

SDS-PAGE, transferred to nitrocellulose membranes and probed with the three monoclonal 

antibodies 516 G10H9, 954 E9E7 and 1488 G6G5 as well as total Stat3 antibody (clone 

124H6) and visualized by chemiluminiscence. 
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Figure 4. Cont. 
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2.6. Stat3β Monoclonal Antibodies Immunoprecipitate Stat3β from Cell Line Lysates 

GFP-Stat3α or GFP-Stat3β were over expressed in Stat3
−/−

MEFs and protein lysates (500 µg) from 

each were immunoprecipitated using Stat3β MoAb 516 G10H9 (left 3 wells) or Stat3α MoAb, D1A5 

(right three wells) and probed with tStat3 MoAb (clone 124H6) that detects both Stat3α and Stat3β. 

The results clearly show that the Stat3β could pull down only GFP-Stat3β and not GFP-Stat3α (Figure 5). 

Similar results were obtained using the other two antibodies 1488 G6G5 and 516 G10H9 [33]. 

2.7. Stat3β Monoclonal Antibodies Detect Endogenous Stat3β in Cell Line Lysates Revealing that 

Stat3β Levels Correlated to pStat3 Levels in Breast Cancer Cell Lines 

Protein extracts (100 µg) from semi-confluent cultures of three cell lines known to express increased 

amounts of Stat3β, were immunoblotted with Stat3β (clone 1488 G6G5), tStat3 (clone 124H6), and 

Stat3α (clone D1A5) and GAPDH. Protein extracts (30 µg) from 293T cells mock transfected or 

overexpressing GFP-Stat3α or GFP-Stat3β were used as controls. MoAb 1488 G6G5 detected 

endogenous Stat3β in all cells under conditions when GFP-Stat3β was expressed (Figure 6). 

Figure 5. Stat3β monoclonal antibodies specifically immunoprecipitate Stat3β from 

protein lysates. Stat3β Mab 516G10H9 (1:30) and Stat3α Ab (D1A5) were added to 200 µg 

of protein from either untransfected Stat3
−/−

murine embryonic fibroblasts (MEFs) or cells 

transiently transfected with plasmids encoding fusion proteins Stat3α-GFP and Stat3β-GFP, 

incubated overnight at 4 °C. The lysates were then incubated with protein G-agarose beads 

for 30 min at 4 °C and after centrifugation, the beads boiled in loading dye and the eluted 

proteins subjected to SDS-PAGE, transferred to nitrocellulose membrane and probed for 

total Stat3 (clone 124H6, upper panel). An equivalent volume of cell lysates (20 µL) used 

in each reaction were subjected to SDS-PAGE, transferred to nitrocellulose membrane and 

probed for total Stat3 (clone 124H6, lower panel) to indicate the amount of protein input. 

 

Whole cell lysates (100 µg) from eight breast cancer cell lines—Four with low constitutive pStat3 

levels (MCF7, T47D, BT474 and MDA-MB-453 [5]) and four with increased constitutive pStat3 

levels (HCC1954, MDA-MB-231, MDA-MB-468, and BT549)—Were subjected to SDS-PAGE, 

transferred to nitrocellulose membranes and probed for total pStat3 (Tyr-705, clone D3A7), tStat3 
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(clone 124H6), Stat3α (clone D1A5), Stat3β (1488 G6G5) and GAPDH (Figure 7A). Whole cell 

lysates (30 µg) of 293T cells mock transfected or overexpressing GFP-Stat3α or GFP-Stat3β were used 

as controls. Levels of pStat3, Stat3β and GAPDH were quantified by densitometry and the GAPDH-

normalized pStat3 levels in the cell lines correlated to the corresponding Stat3β/GAPDH levels. 

Results indicated that the level of pStat3/GAPDH in 8 cell lines positively correlated with levels of 

Stat3β/GAPDH (Figure 7B; Spearman r = 0.7667, p = 0.0214). This, to our knowledge, is the first 

report of a correlation between Stat3β levels and levels of constitutive Stat3 phosphorylation in  

cancer cells. 

Figure 6. Stat3β monoclonal antibody can detect endogenous Stat3β in lysates from cell 

lines expressing various levels of Stat3β. Lysates (100 µg of total protein) from cell lines 

ACHN, COS7, and H4IIE (lanes 1–3) were separated by SDS-PAGE, transferred to 

nitrocellulose membrane and replicate blots probed for total Stat3 (clone 124H6), Stat3β 

(516G10H9), Stat3α (Clone D1A5) and GAPDH and visualized by chemiluminiscence. 

Lysates (30 µg of protein) from 293T cells, mock transfected (transfection reagent alone) or 

transiently transfected with plasmids encoding fusion proteins Stat3α-GFP and Stat3β-GFP 

were used as controls (lanes 5–7). 

 

Of note, the control lysates from 293T cells overexpressing Stat3β-GFP also demonstrated 

markedly increased phosphorylation (Figure 7A) while, the lysates from cells overexpressing Stat3α-

GFP did not. Identical results were obtained when Stat3β-GFP was overexpressed in a second cell line,  

Stat3
−/−

MEFS [27,34] (Figure 7D). These findings suggest that increased expression of Stat3β alone in 

breast cancer cell lines may directly contribute to the increased constitutive levels of pStat3 observed. 
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Figure 7. Stat3β overexpression correlates with Stat3 phosphorylation in breast cancer  

cell lines. In panel (A), lysates (100 µg protein) from normal breast epithelial cells  

MCF-12A, and breast cancer cell lines MCF-7, T47D, BT-474, MDA-MB 453, HCC1954,  

MDA-MB-231, MDA-MB-468, and BT549 cells were subjected to SDS-PAGE, transferred 

to nitrocellulose membrane and probed for total pStat3 (Tyr-705, clone D3A7), tStat3  

(clone 124H6), Stat3α (clone D1A5), Stat3β (1488 G6G5) and GAPDH. Lysates (30 µg of 

protein) from 293T cells, mock transfected (transfection reagent alone) or transiently 

transfected with plasmids encoding fusion proteins Stat3α-GFP and Stat3β-GFP were used 

as controls (lanes 10–11). Stat3β and GAPDH levels were quantified by densitometry and 

the GAPDH-normalized pStat3 levels plotted as a function of their corresponding Stat3β 

levels (B, Spearman r = 0.7667, p < 0.05) or Stat3α levels (C, Spearman r = 0.3333,  

p > 0.05). In panel D, Stat3β-GFP was constitutively phosphorylated when overexpressed in 

both 293T cells (left panel) and Stat3
−/−

MEFs (right panel), while Stat3α-GFP was not. 
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Figure 7. Cont. 

 

3. Discussion 

Since its discovery in mice and humans 19 years ago, the contribution of Stat3β, the  

alternatively spliced isoform of Stat3, to the overall functions of Stat3 has been controversial due,  

in part, to the unavailability of reagents capable of unambiguously distinguishing Stat3β from  

Stat3α, the more common isoform, and its degradation products within cells containing both  

isoforms [12,14,15,20,22–25,27,28,31]. Although initially thought to be transcriptionally inactive and 

even a dominant negative isoform, which opposes Stat3α transcriptional function [16,30], recent 

studies strongly support the concept that Stat3β has unique functions distinct from Stat3α, such as 

protection from endotoxic shock [22], modulating the response to inflammatory cytokines [23] and 

hemorrhagic shock [35–38], granulocyte differentiation [14,15,24,25], perhaps through its ability to affect 

transcription of multiple genes either alone, or in conjunction with Stat3α and/or c-jun [3,19,21–24,28]. 

To help resolve some of the controversies regarding its functions and explore new ones, we developed 

Stat3β specific mouse monoclonal antibodies, using a peptide encompassing the Stat3β-unique seven 

amino acids (CT7) as immunogen. We extensively tested these antibodies using protein lysates from 

cells overexpressing GFP-Stat3β or GFP-Stat3α, as well as using recombinant Stat3 proteins with or 

without the CT7 epitope. Our results show each monoclonal antibody specifically detects Stat3β and 

does not detect Stat3α. Furthermore, the ability of each monoclonal antibody to detect Stat3β protein 

depended on the protein containing the CT7 epitope. We used the antibodies, along with others 

purchased commercially, to examine the levels of Stat3β, Stat3α and pStat3 in a panel of breast cancer 

cell lines and found, for the first time for any cancer system, that pStat3 levels within breast cancer 

cells positively correlated with the level of Stat3β expression within these cell lines. Given the 

abundance of evidence correlating the presence of phosphorylated Stat3 (pStat3), especially pStat3 

localized to the nucleus, to oncogenesis and aggressive tumor cell behavior, our findings suggest that 

increased Stat3β levels contribute to pStat3 levels, and hence oncogenesis and more aggressive 

behavior in breast cancer. 

Immunoblotting of pancreatic cancer cell lines previously suggested there was increased Stat3β in 

those cell lines with increased constitutive pStat3 activation [39]. However, the identification of Stat3β 
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in these studies was determined based upon band migration following SDS-PAGE and immunoblotting 

using antibody to total Stat3, and not the Stat3β-specific antibodies described here. This additional 

analysis currently is underway in our laboratory. The association between increased levels of Stat3β 

with increased constitutive pStat3 levels and, consequently oncogenesis, is in contrast to previously 

published findings demonstrating that Stat3β overexpression antagonized the transforming effects of 

Stat3α in NIH-3T3 transformation assays [23,24,40] as well as the more recent finding [31] that an 

oligonucleotide-mediated switching to preferential splicing to Stat3β (rather than Stat3α) promoted  

anti-tumorigenic behavior. However, the earlier studies [16,40] and the oligonucleotide switch studies 

were limited to a single cell line (NIH-3T3 or MDA-MB-435, respectively). The latter cell line [31] 

was originally thought to be a breast cancer cell line, but more recently has been authenticated to be a 

melanoma cell line [41] Overexpression of Stat3β in some tumor cells (melanoma, prostate, ovarian and 

breast cancer [42–44] led to growth suppression in vitro and in vivo, whereas in AML patient samples, 

increased Stat3β expression was associated with shorter overall patient survival [45,46]. Thus, the 

effect of Stat3β on oncogenesis and tumor cell behavior may depend on the cell type, as well as the 

level of overexpression. The availability of Stat3β monoclonal antibodies will allow a systematic 

examination of the association of Stat3β expression with pStat3 levels in multiple tumor systems, 

which will determine the breadth of the association between levels of Stat3β and pStat3 that we 

identified in breast cancer cells. 

Our group and others demonstrated that Stat3β has increased nuclear retention upon stimulation  

by IL-6 [27] or OSM [28]. The latter group, using Stat3
−/−

MEFs engineered to inducibly express either 

Stat3 isoform, also showed that Stat3β exhibited increased and prolonged phosphorylation, along with 

more rapid nuclear translocation following OSM exposure [28]. In addition, the latter group revealed 

that co-expression of both isoforms revealed cross regulation, whereby Stat3β enhanced and prolonged 

Stat3α phosphorylation [28]. Similarly, another group demonstrated that adenoviral delivery of Stat3β 

followed by IL-6 stimulation, potentiated Stat3α phosphorylation [47]. One of the major pathways to 

increased pStat3 levels in breast cancer cells involves IL-6 [48]; thus, the studies summarized above 

provide a possible mechanism to explain our finding of increased pStat3 levels in breast cancers 

expressing increased levels of Stat3β. Prolonged phosphorylation of Stat3β has been ascribed to the 

reduced ability of phosphatases to bind to and/or dephosphorylate it compared to pStat3α [28]. Similarly, 

the heterodimer of pStat3α and pStat3β is more stable than a homodimer of pStat3α. Of note, mutation 

of Stat3β at R609L (Stat3βR609L), a residue within the SH2 domain critical for homodimerization, 

abrogated the effect of Stat3β overexpression on prolonging Stat3α phosphorylation [28]. 

The question arises as to the mechanism of the increase in Stat3β expression in breast cancer cells. 

It could relate to a general increase in the expression and function of the spliceosome machinery 

components in these cancer cells [49] or to alteration in a specific regulatory mechanism(s) normally 

controlling differential isoform generation. Recently miR146b has been reported to specifically 

degrade Stat3β in normal mammary luminal cells [50], suggesting this as a normal mode of regulation. 

Could the loss of this miRNA in breast cancer cells lead to an aberrant increase in Stat3β in these 

cells? Loss of miR146b gene (deletion of 10q24–26) has been reported in glioma [51], which supports 

this possibility. In fact, a miR46b-mediated negative feedback loop present in normal breast cell lines, 

which is activated by Stat3, is lost in breast cancer cell lines with sustained Stat3 activity [52,53]. In 

addition, levels of miR146b negatively correlated to nuclear pStat3 in 24 invasive breast tumor 
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specimens [52,53]. Our antibodies likely will prove extremely useful in studies designed to examine 

the relationship between miR146b and Stat3β in cancer cells. 

4. Experimental 

4.1. Cell Lines 

The human breast cancer cell lines (MCF-7, T47D, ZR-75-1, BT-474, MDA-MB 453, SKBR3, 

Hs578T, HCC1954, MDA-MB-231, MDA-MB-468, and Sum159PT), the breast epithelial cell lines 

(MCF10A and MCF-12A), and the AML cell line, Kasumi 1, were purchased from the American Type 

Culture Collection (ATCC, Rockville, MD, USA). Culture media, antibiotics, FBS, and other 

supplements were bought from Invitrogen (Grand Island, NY, USA). The rest were procured through 

the cell line core at Baylor College of Medicine. Cells were grown in their respective recommended 

complete growth media. MCF10A, MCF12A and Sum159PT cells were grown in DMEMF12 plus 

EGF/hydrocortisone. MCF-7, MDA-MB-453, Hs578T, MDA-MB-231, and MDA-MB-468 cells were 

grown in DMEM plus 10%FBS. T47D, ZR-75-1, BT-474, and HCC1954 cells were grown in  

RPMI-1640 plus 10% FBS. SKBR3 cells were grown in McCoy’s 5A plus 10% FBS. Cells were 

maintained in their respective complete media along with streptomycin, penicillin, amphotericin, 

Glutamax, and pyruvate and were not passed continuously more than 4 weeks. Cell lines were 

originally authenticated by ATCC, but no further authentication was done. The Stat3
−/−

murine 

embryonic fibroblast cell line (MEF) was a gift from Dr. Valeria Poli [27,54] and maintained in DMEM 

plus 10% FBS. 

4.2. Stat3 Plasmids and Purification of Stat3 Protein 

GFP-Stat3α and GFP-Stat3β were constructed as described before [27] from original Stat3α and 

Stat3β plasmids provided by Dr. Rolf Van de Groot [16]. The sequence encoding the Stat3α construct 

(amino acid 127–770), the Stat3β (amino acid 127–722) and the Stat3βΔCT7 construct (amino acid  

127–717) were generated by PCR from original full length Stat3α or Stat3β clones [55] and cloned 

into pET15b (Novagen) expression vector and used to transform Escherichia coli strain BL21DE3. 

Protein expression was induced by adding 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) to the 

bacterial growth at an optical density of 0.6 at 600 nm. After incubation for 5 h at 21 °C, cells were 

harvested, resuspended in buffer containing 20 mM HEPES, pH 7.6, 0.2 M KCl, 20 mM DTT, 10 mM 

MnCl2 and 1 mM PSMF. The cells were lysed by sonication. Stat3 protein was isolated by precipitation 

with 35% ammonium sulfate; the resulting proteins were dialyzed in 20 Mm Tris, 5 mM DTT and purified 

by ion exchange chromatography using a Q-sepharose column. Purified Stat3 proteins were dialyzed in 

20 mM HEPES, pH 7.6, 0.2 M NaCl, 5 mM DTT, 10 mM MgCl2 and stored at −80 °C until use. 

4.3. Peptide Design and Mouse Immunization 

Stat3α, the normal splice form is generated through splicing involving strong 5' splice donor sites, 

branch points, polymiridine tracts and 3' splice acceptor sites, present within intronic sequences (Figure 1). 

Stat3β spliced form is generated by the use of an alternate albeit weaker splice acceptor site (as well as 

branch point and polypyrimidine tract) situated within the exon 23, leading to an altered reading frame, 
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creating the addition of seven unique amino acids (FIDAVWK/Phe-Ile-Asp-Ala-Val-Trp-Lys, Figure 1) 

followed by the introduction of a stop codon, thereby eliminating 55 amino acids from the  

C-terminal end of full length Stat3α. We added an additional 5 amino acids to the Stat3β-unique 

sequence and designed our immunizing peptide with the sequence DEPKGFIDAVWK (Asp-Glu-Pro-

Lys-Gly-Phe-Ile-Asp-Ala-Val-Trp-Lys). Five mice, numbered 146–150, were immunized a total of four 

times, two weeks between immunizations. Mice were bled 13 days after the second and third boosts. We 

checked the antibody titer of the mice by ELISA after the second and third boosts. 

4.4. Hybridoma Formation 

Splenocytes from immunized mice were aseptically isolated and freed of fat, clots, and RBC, while 

serum separated from blood collected by cardiac puncture was stored at −80 °C. Myeloma cells were 

simultaneously prepared and then mixed with the splenocytes (1:4) and mixed thoroughly, media 

removed by centrifugation followed by addition of PEG1500/RPMI (50:50) in a dropwise manner over 

1 min, with gentle stirring of the cell pellet while adding the PEG. Stirring was continued, while 

adding additional amounts of RPMI, over 1 to 3 min, so that the final cell suspension is free of cell 

clumps. Cells were then pelleted by centrifugation and resuspended in 10 mL of RPMI (with 15% FBS) 

to 3 × 10
6
 cells/mL and plated on 100 mm dishes and incubated overnight at 37 °C in 7.0% CO2. The 

next day, cells were harvested, centrifuged, and cell pellets resuspended in a RPMI (15% FBS) plus 

AHAT medium plus 1× Hybridoma Cloning Supplement in a 250 mL conical and mixed. 2 drops/well 

of this cell suspension was plated in fifteen 96 well CoStar tissue culture dishes, leaving the first 

column empty for controls at screening time. In plate 15, 1 row of the myeloma cells in AHAT was 

plated as a control. Plates were incubated at 37 °C plus 7.0% CO2 with replenishment by 2 drops/well 

of fresh AHAT medium and periodically, half of the fluid changed and replaced with 2 drops of 

AHAT medium. Supernatants were screened from hybridoma colonies when they were large enough to 

be producing good quantities of antibody (i.e., 1/3 confluency, generally 10–12 days post-fusion). 

After the first screening, hybridomas were fed with RPMI plus 15% FBS plus AHT medium. After the 

two week period, the hybridomas were fed with RPMI plus 15% FBS alone. 

4.5. ELISA for Detecting Anti-Stat3β Activity in Serum and Culture Supernatants 

Seven rows of a 96 well Thermo Immulon 2 ELISA plate were coated with 50 µL/well of a  

50 µg/mL concentration of Stat3β-BSA peptide. Seven rows of a second 96 well were coated with  

50 µL/well of a 50.0 µg/mL concentration of Stat3β free peptide for O/N. The plate was washed, 

blocked with 200 μL/well 1% BSA/PBS 3 h at RT, washed and appropriate control and test antisera or 

supernatant samples were added and incubated overnight at 4 °C. The plates were then washed, 

secondary goat anti-mouse IgG (Fc specific)-HRP added, (1:5000 in 1% BSA/PBS) to each well and 

incubated, covered, for 2.5 h at RT. After another round of wash, the plates were developed, using  

100 μL/well OPD as the substrate, and after 35 min, OD was read at 490 nM. 
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4.6. Purification of IgG from Culture Supernatants 

IgG was precipitated from the 2 L cultures of each of the hybridomas (516 G10H9, 954 E9E10 and 

1488 G6G5) by ammonium sulfate, centrifuged, supernatant removed, and protein pellets dissolved in 

200 mL at 4 °C on a rocking platform, dialyzed overnight, centrifuged, and stored at 4 °C. Antibody 

was then adsorbed onto protein G column. The protein G-adsorbed antibodies were eluted and pooled 

together (pool 1). The flow through was again passed through the column to recover all unadsorbed 

antibodies and were similarly eluted and pooled (pool 2). The two pools, after the purity was verified 

by immunoblotting, were pooled to give the final antibody solution. The eluted fractions were treated 

with neutralization buffer (15.0 µL/1 mL) and immediately dialyzed in 1 L of PBS for 4–6 h, changing 

the buffer one time. The antibody solution were stored at −80 °C. 

4.7. Immunoblotting 

Whole cell protein extracts (100 µg) from normal breast epithelial cells (MCF-10A and MCF-12A), 

breast cancer cell lines (MCF-7, T47D, BT-474, MDA-MB 453, HCC1954, MDA-MB-231,  

MDA-MB-468, and BT549) and 293T cells either mock-transfected or transfected with GFP-Stat3α or 

GFP-Stat3β cells were subjected to SDS-PAGE, transferred to nitrocellulose membrane and 

immunoblotted for total pStat3 (Tyr-705, clone D3A7), tStat3 (clone 124H6), Stat3α (clone D1A5), 

Stat3β (1488 G6G5) and GAPDH. For Figure 7A, some cell lines with multiple and/or crooked bands 

(difficult to quantify pixel-density) were cut off and remaining portions juxtaposed. Because 100 µg of 

protein were loaded, two gels were used to accommodate all the cell lines and controls (run on each gel). 

After transfer to membrane, blocking, probing, etc., the two membranes of the set (probed by a particular 

ab) were always exposed together on the same x-ray film for authentic comparison of the protein 

levels. Band densities obtained for pStat3, Stat3α, Stat3β and GAPDH were quantified by 

densitometry using the Image J software [56]. 

4.8. Immunoprecipitation 

For immunoprecipitation of Stat3α and Stat3β proteins, Stat3
−/−

MEF cells were plated in 100 mm 

plates and transfected with GFP-Stat3 constructs using GeneJuice transfection reagent as per 

manufactures instructions (EMD Millipore). Forty-eight hours post transfection, the cells were washed 

in ice cold PBS and lysed in Triton Buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, Roche protease and phosphatase inhibitor cocktails. Each lysate (100 µL) 

was diluted 5 times in HEPES buffer without Triton X-100. The diluted lysates were then incubated  

at 4 °C overnight with 3 µg each of antibodies to Stat3α (D1A5) or Stat3β (516 G10H9). The 

antibody/lysate mixtures were added to 60 µL equivalent of 50% aspirated magnetic protein A beads 

(Invitrogen) and incubated for 15 min on ice. The beads were washed three times with 500 µL of Wash 

buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.25% Triton X-100, Roche 

protease and phosphatase inhibitor cocktails and analyzed by SDS-PAGE and immunoblotted and 

probed for total Stat3 (clone 124H6). Each lysate (20 µL) was subjected to SDS-PAGE, transferred to 

nitrocellulose membrane and probed for total Stat3 (clone 124H6) to indicate the protein input. 
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5. Conclusions 

We developed and characterized monoclonal antibodies recognizing the Stat3β-unique CT7 epitope 

that do not cross-react with Stat3α. Their use in immunoblotting studies revealed for the first time that 

levels of Stat3β protein in breast cancer cell lines positively correlated with overall pStat3 levels, 

suggesting that Stat3β may contribute to constitutive Stat3 activation in this tumor system. Use of 

these reagents to unambiguously discriminate splice alternative Stat3β from proteolytic Stat3β and 

Stat3α will provide new insights into the contribution of Stat3β vs. Stat3α to oncogenesis, as well as 

other biological and pathological processes. 

Acknowledgements 

This work was supported, in part, by National Institutes of Health grants CA149783, CA153658 

and CA125123. The authors also acknowledge the assistance of the ―Antibody-Based Proteomics 

Shared Resource‖ of the Dan L. Duncan Cancer Center for their antibody production services. 

Author Contributions 

Uddalak Bharadwaj, Moses M. Kasembeli, Dean P. Edwards and David J. Tweardy planned the 

experiments. Uddalak Bharadwaj, Moses M. Kasembeli, T. Kris Eckols, Mikhail Kolosov, Paul Lang 

and Kurt Christensen performed the experiments. Kurt Christensen and Dean P. Edwards were responsible 

for the mice immunization and antibody production services on behalf of the ―Antibody-Based Proteomics 

Shared Resource‖ of the Dan L. Duncan Cancer Center. Uddalak Bharadwaj, Moses M. Kasembeli and 

David J. Tweardy wrote and edited the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Darnell, J.E., Jr.; Kerr, I.M.; Stark, G.R. Jak-STAT pathways and transcriptional activation in 

response to IFNs and other extracellular signaling proteins. Science 1994, 264, 1415–1421. 

2. Bode, J.G.; Albrecht, U.; Haussinger, D.; Heinrich, P.C.; Schaper, F. Hepatic acute phase 

proteins—Regulation by IL-6- and IL-1-type cytokines involving STAT3 and its crosstalk with  

NF-kappaB-dependent signaling. Eur. J. Cell Biol. 2012, 91, 496–505. 

3. He, G.; Karin, M. NF-kappaB and STAT3-key players in liver inflammation and cancer.  

Cell Res. 2011, 21, 159–168. 

4. Li, N.; Grivennikov, S.I.; Karin, M. The unholy trinity: inflammation, cytokines, and STAT3 

shape the cancer microenvironment. Cancer Cell 2011, 19, 429–431. 

5. Bharadwaj, U.; Eckols, T.K.; Kolosov, M.; Kasembeli, M.M.; Adam, A.; Torres, D.; Zhang, X.; 

Dobrolecki, L.E.; Wei, W.; Lewis, M.T.; et al. Drug-repositioning screening identified 

piperlongumine as a direct STAT3 inhibitor with potent activity against breast cancer. Oncogene 

2014, doi:10.1038/onc.2014.72. 



Cancers 2014, 6 2031 

 

6. Bharadwaj, U.; Li, M.; Chen, C.; Yao, Q. Mesothelin-induced pancreatic cancer cell proliferation 

involves alteration of cyclin E via activation of signal transducer and activator of transcription 

protein 3. Mol. Cancer Res. 2008, 6, 1755–1765. 

7. Bharadwaj, U.; Li, M.; Zhang, R.; Chen, C.; Yao, Q. Elevated interleukin-6 and G-CSF in human 

pancreatic cancer cell conditioned medium suppress dendritic cell differentiation and activation. 

Cancer Res. 2007, 67, 5479–5488. 

8. Bharadwaj, U.; Marin-Muller, C.; Li, M.; Chen, C.; Yao, Q. Mesothelin overexpression promotes 

autocrine IL-6/sIL-6R trans-signaling to stimulate pancreatic cancer cell proliferation. 

Carcinogenesis 2011, 32, 1013–1024. 

9. Rossa, C., Jr.; Sommer, G.; Spolidorio, L.C.; Rosenzweig, S.A.; Watson, D.K.; Kirkwood, K.L. 

Loss of expression and function of SOCS3 is an early event in HNSCC: Altered subcellular 

localization as a possible mechanism involved in proliferation, migration and invasion. PLoS One 

2012, 7, e45197. 

10. Ishida, F.; Matsuda, K.; Sekiguchi, N.; Makishima, H.; Taira, C.; Momose, K.; Nishina, S.; Senoo, N.; 

Sakai, H.; Ito, T.; et al. STAT3 gene mutations and their association with pure red cell aplasia in 

large granular lymphocyte leukemia. Cancer Sci. 2014, 105, 342–346. 

11. Munoz, J.; Dhillon, N.; Janku, F.; Watowich, S.S.; Hong, D.S. STAT3 Inhibitors: Finding a home 

in lymphoma and leukemia. Oncologist 2014, 19, 536–544. 

12. Shao, H.; Quintero, A.J.; Tweardy, D.J. Identification and characterization of cis elements in the 

STAT3 gene regulating STAT3 alpha and STAT3 beta messenger RNA splicing. Blood 2001, 98, 

3853–3856. 

13. Kato, T.; Sakamoto, E.; Kutsuna, H.; Kimura-Eto, A.; Hato, F.; Kitagawa, S. Proteolytic 

conversion of STAT3alpha to STAT3gamma in human neutrophils: Role of granule-derived 

serine proteases. J. Biol. Chem. 2004, 279, 31076–31080. 

14. Biethahn, S.; Alves, F.; Wilde, S.; Hiddemann, W.; Spiekermann, K. Expression of granulocyte 

colony-stimulating factor- and granulocyte-macrophage colony-stimulating factor-associated 

signal transduction proteins of the JAK/STAT pathway in normal granulopoiesis and in blast cells 

of acute myelogenous leukemia. Exp. Hematol. 1999, 27, 885–894. 

15. Chakraborty, A.; White, S.M.; Schaefer, T.S.; Ball, E.D.; Dyer, K.F.; Tweardy, D.J. Granulocyte 

colony-stimulating factor activation of Stat3 alpha and Stat3 beta in immature normal and 

leukemic human myeloid cells. Blood 1996, 88, 2442–2449. 

16. Caldenhoven, E.; van Dijk, T.B.; Solari, R.; Armstrong, J.; Raaijmakers, J.A.; Lammers, J.W.; 

Koenderman, L.; de Groot, R.P. STAT3beta, a splice variant of transcription factor STAT3, is a 

dominant negative regulator of transcription. J. Biol. Chem. 1996, 271, 13221–13227. 

17. Kunz, D.; Zimmermann, R.; Heisig, M.; Heinrich, P.C. Identification of the promoter sequences 

involved in the interleukin-6 dependent expression of the rat alpha 2-macroglobulin gene.  

Nucleic Acids Res. 1989, 17, 1121–1138. 

18. Kushner, I. The phenomenon of the acute phase response. Ann. N. Y. Acad. Sci. 1982, 389, 39–48. 

19. Schaefer, T.S.; Sanders, L.K.; Nathans, D. Cooperative transcriptional activity of Jun and 

Stat3beta, a short form of Stat3. Proc. Natl. Acad. Sci. USA 1995, 92, 9097–9101. 

20. Schaefer, T.S.; Sanders, L.K.; Park, O.K.; Nathans, D. Functional differences between Stat3alpha 

and Stat3beta. Mol. Cell. Biol. 1997, 17, 5307–5316. 



Cancers 2014, 6 2032 

 

21. Ivanov, V.N.; Bhoumik, A.; Krasilnikov, M.; Raz, R.; Owen-Schaub, L.B.; Levy, D.; Horvath, C.M.; 

Ronai, Z. Cooperation between STAT3 and c-jun suppresses Fas transcription. Mol. Cell 2001, 7, 

517–528. 

22. Yoo, J.Y.; Huso, D.L.; Nathans, D.; Desiderio, S. Specific ablation of Stat3beta distorts the 

pattern of Stat3-responsive gene expression and impairs recovery from endotoxic shock. Cell 

2002, 108, 331–344. 

23. Maritano, D.; Sugrue, M.L.; Tininini, S.; Dewilde, S.; Strobl, B.; Fu, X.; Murray-Tait, V.; Chiarle, R.; 

Poli, V. The STAT3 isoforms alpha and beta have unique and specific functions. Nat. Immunol. 

2004, 5, 401–409. 

24. Dewilde, S.; Vercelli, A.; Chiarle, R.; Poli, V. Of alphas and betas: Distinct and overlapping 

functions of STAT3 isoforms. Front. Biosci. 2008, 13, 6501–6514. 

25. Hevehan, D.L.; Miller, W.M.; Papoutsakis, E.T. Differential expression and phosphorylation of 

distinct STAT3 proteins during granulocytic differentiation. Blood 2002, 99, 1627–1637. 

26. Minami, M.; Inoue, M.; Wei, S.; Takeda, K.; Matsumoto, M.; Kishimoto, T.; Akira, S. STAT3 

activation is a critical step in gp130-mediated terminal differentiation and growth arrest of a 

myeloid cell line. Proc. Natl. Acad. Sci. USA 1996, 93, 3963–3966. 

27. Huang, Y.; Qiu, J.; Dong, S.; Redell, M.S.; Poli, V.; Mancini, M.A.; Tweardy, D.J. Stat3 

isoforms, alpha and beta, demonstrate distinct intracellular dynamics with prolonged nuclear 

retention of Stat3beta mapping to its unique C-terminal end. J. Biol. Chem. 2007, 282, 34958–34967. 

28. Ng, I.H.; Ng, D.C.; Jans, D.A.; Bogoyevitch, M.A. Selective STAT3-alpha or -beta expression 

reveals spliceform-specific phosphorylation kinetics, nuclear retention and distinct gene 

expression outcomes. Biochem. J. 2012, 447, 125–136. 

29. Sasse, J.; Hemmann, U.; Schwartz, C.; Schniertshauer, U.; Heesel, B.; Landgraf, C.;  

Schneider-Mergener, J.; Heinrich, P.C.; Horn, F. Mutational analysis of acute-phase response 

factor/Stat3 activation and dimerization. Mol. Cell. Biol. 1997, 17, 4677–4686. 

30. Foley, H.A.; Ofori-Acquah, S.F.; Yoshimura, A.; Critz, S.; Baliga, B.S.; Pace, B.S. Stat3 beta 

inhibits gamma-globin gene expression in erythroid cells. J. Biol. Chem. 2002, 277, 16211–16219. 

31. Zammarchi, F.; de Stanchina, E.; Bournazou, E.; Supakorndej, T.; Martires, K.; Riedel, E.;  

Corben, A.D.; Bromberg, J.F.; Cartegni, L. Antitumorigenic potential of STAT3 alternative 

splicing modulation. Proc. Natl. Acad. Sci. USA 2011, 108, 17779–17784. 

32. Christensen, K. Department of Molecular and Cellular Biology, Baylor College of Medicine, 

Houston, TX 77030, USA. Unpublished data, 2013. 

33. Kasembeli, M.M. Section of Infectious Disease, Department of Medicine, Baylor College of 

Medicine, Houston, TX 77030, USA. Unpublished data, 2014. 

34. Xu, X.; Kasembeli, M.M.; Jiang, X.; Tweardy, B.J.; Tweardy, D.J. Chemical probes that 

competitively and selectively inhibit Stat3 activation. PLoS One 2009, 4, e4783. 

35. Alten, J.A.; Moran, A.; Tsimelzon, A.I.; Mastrangelo, M.A.; Hilsenbeck, S.G.; Poli, V.; Tweardy, D.J. 

Prevention of hypovolemic circulatory collapse by IL-6 activated Stat3. PLoS One 2008, 3, e1605. 

36. Moran, A.; Arikan, A.A.; Mastrangelo, M.A.; Wu, Y.; Yu, B.; Poli, V.; Tweardy, D.J. Prevention 

of trauma and hemorrhagic shock-mediated liver apoptosis by activation of stat3alpha. Int. J. Clin. 

Exp. Med. 2008, 1, 213–247. 



Cancers 2014, 6 2033 

 

37. Moran, A.; Thacker, S.A.; Arikan, A.A.; Mastrangelo, M.A.; Wu, Y.; Yu, B.; Tweardy, D.J.  

IL-6-mediated activation of Stat3alpha prevents trauma/hemorrhagic shock-induced liver 

inflammation. PLoS One 2011, 6, e21449. 

38. Moran, A.; Tsimelzon, A.I.; Mastrangelo, M.A.; Wu, Y.; Yu, B.; Hilsenbeck, S.G.; Poli, V.; 

Tweardy, D.J. Prevention of trauma/hemorrhagic shock-induced lung apoptosis by IL-6-mediated 

activation of Stat3. Clin. Transl. Sci. 2009, 2, 41–49. 

39. Scholz, A.; Heinze, S.; Detjen, K.M.; Peters, M.; Welzel, M.; Hauff, P.; Schirner, M.; Wiedenmann, 

B.; Rosewicz, S. Activated signal transducer and activator of transcription 3 (STAT3) supports the 

malignant phenotype of human pancreatic cancer. Gastroenterology 2003, 125, 891–905. 

40. Turkson, J.; Bowman, T.; Garcia, R.; Caldenhoven, E.; de Groot, R.P.; Jove, R. Stat3 activation 

by Src induces specific gene regulation and is required for cell transformation. Mol. Cell. Biol. 

1998, 18, 2545–2552. 

41. Discovery Services. Available online: http://dtp.nci.nih.gov/docs/misc/common_files/mda-mb-

435-update.html (accessed on 22 August 2014). 

42. Burke, W.M.; Jin, X.; Lin, H.J.; Huang, M.; Liu, R.; Reynolds, R.K.; Lin, J. Inhibition of 

constitutively active Stat3 suppresses growth of human ovarian and breast cancer cells. Oncogene 

2001, 20, 7925–7934. 

43. Ni, Z.; Lou, W.; Leman, E.S.; Gao, A.C. Inhibition of constitutively activated Stat3 signaling 

pathway suppresses growth of prostate cancer cells. Cancer Res. 2000, 60, 1225–1228. 

44. Niu, G.; Heller, R.; Catlett-Falcone, R.; Coppola, D.; Jaroszeski, M.; Dalton, W.; Jove, R.; Yu, H. 

Gene therapy with dominant-negative Stat3 suppresses growth of the murine melanoma B16 

tumor in vivo. Cancer Res. 1999, 59, 5059–5063. 

45. Benekli, M.; Xia, Z.; Donohue, K.A.; Ford, L.A.; Pixley, L.A.; Baer, M.R.; Baumann, H.; Wetzler, M. 

Constitutive activity of signal transducer and activator of transcription 3 protein in acute myeloid 

leukemia blasts is associated with short disease-free survival. Blood 2002, 99, 252–257. 

46. Xia, Z.; Sait, S.N.; Baer, M.R.; Barcos, M.; Donohue, K.A.; Lawrence, D.; Ford, L.A.; Block, A.M.; 

Baumann, H.; Wetzler, M.; et al. Truncated STAT proteins are prevalent at relapse of acute 

myeloid leukemia. Leuk. Res. 2001, 25, 473–482. 

47. Ramadoss, P.; Unger-Smith, N.E.; Lam, F.S.; Hollenberg, A.N. STAT3 targets the regulatory 

regions of gluconeogenic genes in vivo. Mol. Endocrinol. 2009, 23, 827–837. 

48. Marotta, L.L.; Almendro, V.; Marusyk, A.; Shipitsin, M.; Schemme, J.; Walker, S.R.;  

Bloushtain-Qimron, N.; Kim, J.J.; Choudhury, S.A.; Maruyama, R.; et al. The JAK2/STAT3 

signaling pathway is required for growth of CD44CD24 stem cell-like breast cancer cells in 

human tumors. J. Clin. Investig. 2011, 121, 2723–2735. 

49. Bonnal, S.; Vigevani, L.; Valcarcel, J. The spliceosome as a target of novel antitumour drugs.  

Nat. Rev. Drug Discov. 2012, 11, 847–859. 

50. Elsarraj, H.S.; Hong, Y.; Valdez, K.; Carletti, M.; Salah, S.M.; Raimo, M.; Taverna, D.; 

Prochasson, P.; Bharadwaj, U.; Tweardy, D.J.; et al. A novel role of microRNA146b in promoting 

mammary alveolar progenitor cell maintenance. J. Cell Sci. 2013, 126, 2446–2458. 

51. Xia, H.; Qi, Y.; Ng, S.S.; Chen, X.; Li, D.; Chen, S.; Ge, R.; Jiang, S.; Li, G.; Chen, Y.; et al. 

microRNA-146b inhibits glioma cell migration and invasion by targeting MMPs. Brain Res. 

2009, 1269, 158–165. 



Cancers 2014, 6 2034 

 

52. Walker, S.R.; Xiang, M.; Frank, D.A. STAT3 Activity and Function in Cancer: Modulation by 

STAT5 and miR-146b. Cancers (Basel) 2014, 6, 958–968. 

53. Xiang, M.; Birkbak, N.J.; Vafaizadeh, V.; Walker, S.R.; Yeh, J.E.; Liu, S.; Kroll, Y.; Boldin, M.; 

Taganov, K.; Groner, B.; et al. STAT3 induction of miR-146b forms a feedback loop to inhibit 

the NF-kappaB to IL-6 signaling axis and STAT3-driven cancer phenotypes. Sci. Signal. 2014, 

doi:10.1126/scisignal.2004497. 

54. Costa-Pereira, A.P.; Tininini, S.; Strobl, B.; Alonzi, T.; Schlaak, J.F.; Is’harc, H.; Gesualdo, I.; 

Newman, S.J.; Kerr, I.M.; Poli, V.; et al. Mutational switch of an IL-6 response to an  

interferon-gamma-like response. Proc. Natl. Acad. Sci. USA 2002, 99, 8043–8047. 

55. Shao, H.; Cheng, H.Y.; Cook, R.G.; Tweardy, D.J. Identification and characterization of signal 

transducer and activator of transcription 3 recruitment sites within the epidermal growth factor 

receptor. Cancer Res. 2003, 63, 3923–3930. 

56. ImageJ: Image Processing and Analysis in Java. Aailable online: http://imagej.nih.gov/ij/ 

(accessed on 22 August 2014). 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


