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Abstract

T/C28a2 immortalized juvenile human chondrocytes were employed to determine the extent to 

which activation of Signal Transducers and Activators of Transcription-1 (STAT1) occurred in 

response to recombinant human interleukin-6 (rhIL-6) or rhIL-6 in combination with the soluble 

IL-6 receptor (sIL-6R). Two forms of STAT1, STAT1A and STAT1B, were identified on SDS-

PAGE and western blotting with anti-STAT1 antibody. Western blotting revealed that STAT1 was 

constitutively phosphorylated (p-STAT1). Although incubation of T/C28a2 chondrocytes with 

rhIL-6 (50 ng/ml) increased p-STAT1A by Δ=22.3% after 30 min, this percent difference failed to 

reach significance by Chi-square analysis. Similarly, no effect of rhIL-6 (Δ=+10.7%) on p-

STAT1B was seen at 30 min. In contrast, although the combination of rhIL-6 plus sIL-6R had no 

effect on p-STAT1A, rhIL-6 plus sIL-6R increased p-STAT1B by Δ=73.3% (p<0.0001) after 30 

min compared to the control group and by Δ=56.7% (p<0.0001) compared to rhIL-6 alone. 

Janex-1, a Janus kinase-3-specific inhibitor (100 μM) partially reduced the effect of rhIL-6 on p-

STAT1B by Δ=27.7% (p<0.05). The results of this study showed that STAT1A/STAT1B was 

constitutively activated in T/C28a2 chondrocytes. Although rhIL-6 increased p-STAT1B to a 

small extent, the combination of rhIL-6 plus sIL-6R was far more effective in stimulating 

STAT1B phosphorylation compared to controls or rhIL-6 alone. These data support the likelihood 

that although JAK3-mediated activation of STAT1 in T/C28a2 chondrocytes may involve the 

IL-6/IL-6R/gp130 pathway, these results indicated that STAT1 activation in response to IL-6 

preferentially involved IL-6 trans-signaling via sIL-6R.
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Introduction

Mammalian signal transducers and activators of transcription (STAT) are cytoplasmic 

proteins comprised of Src homology-2 regions which are found in 7 forms, STAT1, 2, 3 and 

4, STAT5a, STAT5b, and STAT6 [1-3]. STAT proteins are phosphorylated by one of 

several activated Janus kinases, JAK1, 2, 3, 5A, 5B, 6 following cytokine and/or growth 

factor binding to cytokine-specific receptors [2-5]. Phosphorylated STAT proteins (p-

STATs) form STAT-homodimers and/or STAT-heterodimers in the cytoplasm where they 

undergo nuclear translocation. In the nucleus p-STAT proteins are potent transcription 

factors through their ability to bind to STAT-responsive DNA sequences in gene promoter 

regions [6]. Under certain conditions, un-phosphorylated STATs (U-STATs) may also 

possess transcription factor activity [7-9].

STAT-responsive DNA motifs regulate the expression of many pro-inflammatory and anti-

inflammatory cytokine genes, including interleukin-6 (IL-6), oncostatin M, IL-10, 

interferon-γ (INF-γ), and tumor necrosis factor-α, as well as cytokine receptor genes, such 

as IL-2Rα and IL-18R1 [6]. These genes have been shown to modulate the transcription of 

several molecules known to be critical to cell cycle progression (e.g. Fos, Cyclin-D, 

p21waf1, CDC25A, c-Myc, PIM1) [10], cell survival (e.g. Bcl-2, Bcl-XL, β2-

macroglobulin) [11] as well as hematopoietic stem cell [12] and T-cell development [13]. 

Innate [14] and adaptive immune responses [15] are also regulated by activated STAT 

proteins.

Recently, the JAK/STAT signaling pathway was identified as a potential target for 

pharmacologic intervention for rheumatoid arthritis (RA) mainly because several cytokines 

and growth factors known to activate JAK/STAT were found at significantly elevated levels 

in the sera and synovial fluid of RA patients [16-19]. Based on the results from these 

studies, the growth factors and pro-inflammatory cytokines that appear to be most relevant 

to the pathogenesis and progression of RA which also activate JAK/STAT, include 

fibroblast growth factor [20], platelet-derived growth factor [21], INF [22], IL-7 [23], IL-17 

[24], IL-23 [25], and most prominently, members of the IL-6 cytokine family, including, 

IL-6, oncostatin M, ciliary neutrotrophic factor, leukemia inhibitory factor, cardiotrophin-1 

and adiponectin [26-31].

In general, the IL-6-type cytokines phosphorylate the identical group of JAK-receptor 

complexes. However, in the case of IL-6, STAT1 or STAT3 were preferentially activated 

through the classical or “canonical” IL-6/IL-6R/gp130-receptor-mediator signaling 

[3,6,32,33] (Figure 1). However, there is less evidence for STAT1 activation occurring via 

the interaction of IL-6 with membrane-bound IL-6R (mIL-6R) or the “non-canonical” trans-

signaling pathway involving the interaction between IL-6 and the soluble IL-6R (sIL-6R) 

(Figure 1).

The deregulation of the JAK/STAT pathway by IL-6 and/or the IL-6 family of cytokines 

generally favors aberrant immune-cell and activated synoviocyte survival in RA synovial 

tissue [16,33-35] as well as “apoptosis-resistance” [34-36] the latter likely resulting from a 

constellation of cellular and molecular transitions perpetuating the inflammatory response 
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[36]. However, fewer studies have been devoted to elucidating the extent to which activation 

of JAK/STAT signaling by the IL-6-family of cytokines may also affect articular 

chondrocyte survival and/or apoptosis in inflammatory arthritis.

The principal objective of this study was to determine the response of the immortalized 

human chondrocyte cell line, T/C28a2 [37,38] to recombinant human IL-6 (rhIL-6) alone or 

in combination with soluble IL-6 receptor (sIL-6R) with particular reference to their effects 

on U-STAT1 and p-STAT1 proteins. The T/C28a2 chondrocyte line was employed because 

these cells were previously shown to produce several cartilage-specific extracellular matrix 

proteins and to have additional characteristics of authentic human chondrocytes [37-41]. 

These include Type II collagen and aggrecan, expression of the adiponectin receptor, 

activation of MAPK signaling in response to IL-1β in a manner similar to the response of 

authentic human chondrocytes to IL-1β where activation of p38 MAPK and c-Jun-amino-

terminal kinase (JNK) was reported [42,43] as well as PI3K/Akt/mTOR and protein kinase 

A signaling (Table 1). The T/C28a2 chondrocytes also were shown to express the cartilage-

specific transcription factor SOX-9, the latter termed the “master-regulator of transcription” 

for several cartilage-specific genes, including COL2A1 and AGRN [38].

In the present study we focused on the extent to which rhIL-6 activated STAT1 primarily 

because STAT1 has been implicated as a regulator of IL-6 gene expression [6] as well as the 

finding that activated STAT1 regulates genes pertinent to chondrocyte proliferation, survival 

and apoptosis [44] including D1/Cdk4 [45], tumor necrosis factor receptor type 1-associated 

DEATH domain protein, p53 and histone deacetylases [44]. We also treated T/C28a2 

chondrocytes with rhIL-6 in the presence and absence of the JAK3-specific inhibitor, WHI-

P131 (Janex-1) to determine the extent to which inhibition of JAK3 reduced the 

phosphorylated form of p-STAT1 without affecting U-STAT1. We now know that JAK3 is 

abundantly expressed in normal cells of the lymphoid system as well as human 

lymphoblastic and myeloblastic leukemia cells. Janex-1 is a preferred small molecule 

inhibitor of JAK3 because it selectively inhibits JAK3 at an IC50 of 78 µM without altering 

the activity of JAK1 or JAK2, or any other protein tyrosine kinases (IC50 ≥ 350 µM) [46].

Materials and Methods

Materials

Human chondrocytes—The immortalized human juvenile chondrocyte cell line, T/

C28a2 [37,38] was obtained from the laboratory of Professor Mary B. Goldring (Hospital 

for Special Surgery/Weill Medical College of Cornell University (New York, New York.)).

U-STAT1, p-STAT1 and β-actin antibodies—Antibodies which react specifically with 

U-STAT1 and P-STAT1 or with β-actin were obtained from R and D Systems.

Recombinant human (rh) IL-6 and soluble IL-6 Receptor (sIL-6R)—The cytokine, 

rhIL-6, and the soluble IL-6 receptor (sIL-6R) were obtained from ProSpec Bio and 

MyBioSource, respectively.
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JAK inhibitor—WHI-P131 (Janex-1) was obtained from Cayman Chemical or EMD4 

Biosciences.

Methods

Human T/C28a2 chondrocyte cultures—T/C28a2 chondrocytes were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM)/F12 medium (1:1 ratio) supplemented with 

10% (v/v) fetal bovine serum (FBS). For the measurement of U-STAT1 and p-STAT1 

proteins, T/C28a2 chondrocytes were sub-passaged into 60 mm culture dishes at an initial 

density of 3 × 105 cells. The culture medium was changed every 2-3 days until the cells 

became confluent, generally within 3-5 days after passage. At that time, the medium was 

aspirated, chondrocytes washed once with phosphate-buffered saline and DMEM/F12 

supplemented with 0.1% FBS (v/v) was added to each culture dish.

Experimental conditions—TC28a2 chondrocytes were incubated under the following 

conditions: No additions (control group A; see below), dimethyl sulfoxide (DMSO; control 

group B; see below), rhIL-6 (50 ng/ml), sIL-6R (30 ng/ml); rhIL-6 plus Janex-1 (100 μM) or 

rhIL-6 plus sIL-6R for zero min at room temperature (baseline) or for 30 min at 37°C. We 

employed the 30 min time point for analysis of STAT1 protein activation based primarily on 

our previously published western blot data [47] which showed that activated STAT proteins 

accumulated in human chondrocyte protein lysate in response to tumor necrosis factor-α for 

up to 30 min after which time the anti-p-STAT band was undetectable by western blotting.

Furthermore, the rationale for employing the concentrations of rhIL-6 and sIL-6R used in 

this study was determined from previously published data showing that IL-6 (50 ng/ml) 

activated chondrocyte JAK/STAT and ERK-MAPK signaling [48]. The concentration of 

sIL-6R employed in this study (30 ng/ml) was close to the highest concentration of sIL-6R 

reported in RA synovial fluid (range 10-40 ng/ml) [49]. In that regard, this level of IL-6 in 

RA synovial fluid is apparently reached as a result of IL-6 secretion from the infrapatellar 

fat pad into synovial fluid [50].

At the 0 and 30 min time points the culture medium was aspirated, the cell layers washed 

once with PBS, scraped into PBS and a cell pellet was collected by centrifugation. Protein 

lysates were prepared from the pelleted cells by sonication.

Western Blots—Western blots were produced as previously described [47]. However, in 

this study we employed a sequential antibody-probing/stripping technique to measure either 

U-STAT1 or p-STAT1 after which the immunoblot was stripped and reprobed with the β-

actin antibody.

The bands of interest were identified, selected, and the average intensity of both U-STAT 

and p-STAT proteins and their associated β-actin control blots were measured from scanned 

images of autoradiographic western blot films using Metamorph® software. The average 

intensity values from each β-actin western blot were normalized to the highest value 

measured in control and treatment groups. The values calculated in this manner were then 

multiplied by the relative intensity values obtained for reactive bands in their affiliated blot 

(i.e. blots probed with U-STAT or p-STAT antibodies) in order to normalize each band to its 
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corresponding band probed for β-actin. Finally, each of these calculated values were 

normalized to the experimental treatment (i.e. lane 1 of each blot) to obtain the relative 

intensity value and bar graphs produced with Excel.

A “no additions” control group was employed for comparing all of the other incubation 

conditions except those treatment groups which contained Janex-1. For that group, a control 

group containing DMSO was employed for comparison purposes because Janex-1 was 

initially dissolved in DMSO. Then the Janex-1 stock solution was diluted 1:1 with culture 

medium. Thus, the rhIL-6 plus Janex-1-containing group contained the same concentration 

of DMSO as did the DMSO control.

Data analysis

The difference in relative band intensities between control and treated groups is expressed as 

+/-Δ%. The significance of these single point values were analyzed by Chi-square. We set 

the predicted value difference between control and treated groups as Δ= ± 20% with p<0.05 

considered significant.

Results

rhIL-6 increased U-STAT1A but not U-STAT1B

T/C28a2 chondrocytes produced 2 forms of STAT1 (Figure 2). U-STAT1A (band C) and U-

STAT1B (band D) migrated to positions on SDS-PAGE previously identified as STAT1A 

and STAT1B [45,46].

However, only minor changes were detected in the content of U-STAT1A and U-STAT1B 

among the various groups incubated for 0 min or 30 min with one exception. Incubation 

with rhIL-6 weakly increased U-STAT1A by Δ%=+24.7 (p>0.5) after 30 min (Figure 2C, 

lane 7), but did not alter the content of U-STAT1B (Δ%=3.1; p>0.05) (Figure 2D, lane 7). 

Of note, the combination of rhIL-6 and sIL-6R (Figure 2D, lane 8) did not alter the content 

of either U-STAT1A (Δ %=7.1; p>0.05) or U-STAT1B (Δ%=7.9; p>0.05) after 30 min, nor 

did Janex-1 affect these results (Figures 2C and 2D).

STAT1 is constitutively phosphorylated in T/C28a2 chondrocytes

Western blotting detected low levels of p-STAT1A and p-STAT1B at the 0 min time point 

(Figure 3, lanes 1, 2 and 3) indicative of constitutive phosphorylation of these STAT1 

proteins by T/C28a2 chondrocytes.

Activation of p-STAT1A and p-STAT1B by rhIL-6 and rhIL-6 plus sIL-6R

Incubation of T/C28a2 chondrocytes with rhIL-6 (Figure 3, lane 7), resulted in an increase 

in p-STAT1A (Δ%=22.3). However, this difference did not reach statistical significance 

(p>0.05) (Table 2). Janex-1 (Figure 3, Lane 6) partially inhibited the rhIL-6-mediated 

increase in p-STAT1B (Δ=-27.7%; p<0.05) (Table 2).

The combination of rhIL-6 plus sIL-6R (Figure 3, lane 8) caused activation of p-STAT1B 

(Δ=73.3%; p<0.0001) after 30 min with no effect on p-STAT1A (Table 2). Of note, the 
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combination of rhIL-6 plus sIL-6R activated STAT1B to a greater extent when compared to 

rhIL-6 alone (Δ=56.6%; p<0.0001) (Table 2).

Discussion

These results of this study showed a weak phosphorylation response of STAT1A and 

STAT1B in T/C28a2 juvenile chondrocytes in response to rhIL-6 with a much stronger 

STAT1B activation in response to the combination of rhIL-6 and sIL-6R. In addition, this 

latter incubation condition showed a greater p-STAT1B response compared to rhIL-6 alone. 

The finding that the JAK3-selective inhibitor, Janex-1, only partially reduced the level of p-

STAT1B in response to rhIL-6 suggested the likelihood that other JAK forms, in addition to 

JAK3, were essential for activation of STAT1A and STAT1B by T/C28a2 chondrocytes.

Although the ultimate significance of these results to cartilage responses in RA remains to 

be determined, previous studies have shown that phosphorylation of STAT1 was a major 

regulator of chondrogenesis, but mainly in the context of insulin-like growth factor-3 

binding protein [51] or after treatment with interferon-γ [52]. Moreover, the effect of 

combining IL-6 with sIL-6R on bovine articular chondrocytes correlated with the reduced 

expression of Type II collagen, aggrecan core protein, and link protein genes. The reduced 

expression of these cartilage-relevant genes was also associated with the down-regulation of 

SOX9 as well as with activation of JAK1/JAK2, STAT1/STAT3 and ERK1/2. Of note, 

activation of STAT proteins, but not ERK1/2 was IL-6-specific [53]. Additional regulatory 

factors, such as the IL-6-mediated activation of domain containing tyrosine phosphatase-2 

(SHP-2), suppressor of cytokine signaling-3 (SOCS-3) and STAT3 nuclear phosphatase was 

reported to be involved in hepatocyte responses to IL-6 [54]. However, it is not yet known 

whether these factors also regulate chondrocyte gene responses as well.

Indeed, the focus of the present study represented only a minor component of a larger 

project designed to determine the effect of rhIL-6 and other IL-6 family members on the 

activation of 2 other STAT proteins, STAT3 and STAT5, as well for assessing the effect of 

neutralizing the IL-6 pathway (Figure 1) in immortalized human chondrocyte lines with 

tocilizumab on matrix metalloproteinase (MMP) synthesis [55] and apoptosis [Manuscripts 

in preparation]. However, only employing the IL-6R neutralizing monoclonal antibody, 

tocilizumab, will not likely provide the means for determining the extent to which rhIL-6 

activates STAT proteins via the IL-6/IL-6R/gp130 complex, mIL-6R or sIL-6R (Figure 1). 

This is because previous reports have shown that tocilizumab specifically neutralized both 

sIL-6R and mIL-6R in addition to the IL-6R/gp130 complex [56,57].

The finding in the present study that the combination of rhIL-6 and sIL-6R had a significant 

effect on p-STAT1B now raises the likelihood that the IL-6/sIL-6 pathway (Figure 1) is the 

preferential pathway resulting in the activation of chondrocyte STAT proteins as well as for 

regulating cytokine and MMP gene expression by these cells, as was previously suggested 

by Sims and Walsh [58].

Finally, the finding that STAT1A and STAT1B were constitutively phosphorylated in T/

C28a2 chondrocytes is very likely to be another indicator that the phenotype of this 
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immortalized human chondrocyte line includes deregulated activation of JAK/STAT 

signaling and continuous proliferation. In that regard, we also found that STAT3 and STAT5 

were constitutively phosphorylated in T/C28a2 chondrocytes [unpublished data]. Of note, 

the dichotomy that exists between the activation of STAT3 as a pro-survival STAT protein 

and STAT1 as a pro-apoptosis STAT protein is a well-recognized component of 

tumorigenesis [59]. Therefore, in an attempt to address this issue, we are at present 

employing another juvenile human chondrocyte line, C28/I2 [38], to determine whether or 

not STAT1, STAT3 and STAT5 proteins are constitutively activated as well.
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Figure 1. 
Activation of JAK/STAT by IL-6. The membrane-bound IL-6R (mIL-6R) pathway (far left), 

canonical IL-6/IL-6R/gp130 pathway (middle), and “non-canonical” IL-6 trans -signaling 

pathway (far right) is shown where IL-6 interacts with sIL-6R. The canonical IL-6/IL-6R/

gp130 pathway is known to activate JAK/STAT and SAPK/MAPK signaling [3]. The JAK/

STAT pathway activated by IL-6/IL-6R/gp130 may also activate the SAPK/MAPK pathway 

via a “cross-talk” mechanism (→?→) [3]. JAK/STAT could also be activated by IL-6 via 

mIL-6R in cells lacking the gp130 subunit [53]. Under these conditions activated STAT 

proteins may also initiate SAPK/MAPK signaling (↓?).
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Figure 2. 
Western blot of U-STAT1. T/C28a2 chondrocytes were incubated for 0 or 30 min with 1) no 

additions; 2) DMSO; 3) 4) rhIL-6 (50 ng/ml); 5) rhIL-6+Janex-1 (100 μM) or rhIL-6 plus 

sIL-6R (30 ng/ml). The western blot shows A) U-STAT1A (band C); U-STAT1B (band D); 

B) β-actin; D) Quantified U-STAT1A and U-STAT1B. Lane 1, No additions, 0 min; Lane 2, 

DMSO, 0 min; Lane 3, rhIL-6+Janex-1, 0 min; Lane 4, No additions, 30 min; Lane 5, 

DMSO, 30 min; Lane 6, rhIL-6+Janex-1, 30 min; Lane 7, rhIL-6, 30 min; Lane 8, 

rhIL-6+sIL-6R, 30 min.
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Figure 3. 
Western blot of p-STAT1. T/C28a2 chondrocytes were incubated for 0 or 30 min with 1) no 

additions; 2) DMSO; 3) 4) rhIL-6 (50 ng/ml); 5) rhIL-6+Janex-1 (100 μM) or rhIL-6 plus 

sIL-6R (30 ng/ml). The western blot shows A) p-STAT1A (band C); p-STAT1B (band D); 

B) β-actin; D) Quantified p-STAT1A and p-STAT1B. Lane1, No additions, 0 min; Lane 2, 

DMSO, 0 min; Lane 3, rhIL-6+Janex-1, 0 min; Lane 4, No additions, 30 min; Lane 5, 

DMSO, 30 min; Lane 6, rhIL-6+Janex-1, 30 min; Lane 7, rhIL-6, 30 min; Lane 8, 

rhIL-6+sIL-6R, 30 min.
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Table 1

Some major phenotypic characteristics of t/c28a2 juvenile human chondrocytes.

Phenotypic Characteristic Reference

The synthesis of the cartilage proteoglycan biomarker, aggrecan, as well as synthesis of small leucine-rich proteoglycans, decorin 
and biglycan was confirmed 37

High-density cultures express the cartilage-specific transcription factor, SOX9 38

IL-1β activated ERK1/2, p38 and JNK resulting in increased COX-2 and PGE2 synthesis 39

Expression of functional adiponectin (ApN) receptors 40

PGE2 stimulated TLR4 synthesis while activating ERK1/2, PI3K/Akt, PKA/CREB and NF-κB resulting in IL-6 gene expression 41

PGD2/15d-PGJ2 down-regulated TLR-4, while up-regulating caveolin-1 resulting in inhibition of PGE2-dependent ERK1/2, PI3K 
and PKA activation

41
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Table 2

The Δ% change (+/-) in p-STAT1A and p-STAT1B after treatment of T/C28a2 chondrocytes with rhIL-6, 

rhIL-6+Janex-1 or rhIL-6+sIL-6R. The Δ% change (+/-) between the control group and treatment group was 

calculated from the bar graphs generated by Metamorph® software of the p-STAT1 western blot shown in 

Figure 3.

p-STAT Control Group Treated Group +/-Δ%

1A No additions, 30′ rhIL-6+sIL-6R 0ns

1A No additions, 30′ rhIL-6 +22.3ns

1B No additions, 30′ rhIL-6+sIL-6R +73.3†

1B No additions, 30′ rhIL-6 +10.7ns

1B rhIL-6, 30′ rhIL-6+Janex-1 -27.7††

1B DMSO, 30′ rhIL-6+Janex-1 -15.7ns

1B rhIL-6, 30′ rhIL-6+sIL-6R +56.6†

†
p<0.0001 by Chi-square analysis;

††
p<0.05 by Chi-square analysis;

ns
not significant by Chi-square analysis
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