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TO THE EDITOR

Regeneration of skin and hair follicles after wounding, a process known as wound-induced 

hair neogenesis (WIHN), is a rare example of adult organogenesis in mammals. WIHN is a 

phenomenon in which the skin, sebaceous glands, and hair follicles are regenerated after the 

occurrence of large, full-thickness wounds in mice or rabbits. It has been extensively 

characterized in histological and molecular detail (Breedis, 1954; Gay et al., 2013; Ito et al., 

2007; Nelson et al., 2015). Hence, WIHN provides a unique model for deciphering 

mechanisms underlying mammalian regeneration. We recently identified TLR3 as an 

upstream regulator of the key signaling pathway IL-6/STAT3, which promotes WIHN 

(Nelson et al., 2015).

IL-6 activates target cells through IL-6 receptor alpha (IL-6Rα). The IL-6/IL-6Rα complex 

associates with the signal transducer gp130 (IL-6st), thus activating the STAT3 transcription 

factor. STAT3 is a transcriptional activator downstream of IL-6 and other IL-6–type family 

members and is involved in numerous cellular processes, including growth, apoptosis, and 

skin homeostasis.

The IL-6 pathway is important in the regeneration process in multiple organ systems. For 

example, IL-6 is up-regulated after spinal cord injury in mice, and neutralizing IL-6R retards 

nerve regeneration (Hirota et al., 1996). Mice with targeted disruption of IL-6 have impaired 

liver regeneration, which can be prevented with exogenous IL-6 protein (Cressman et al., 

1996). Using IL-6Rα knockout (KO) mice and Stat3 KO mice separately, we demonstrated a 

requirement for the IL-6/STAT3 pathway for WIHN (Nelson et al., 2015).

We continued our investigations of the IL-6/STAT3 signaling axis in WIHN using IL-6 null 

mice (C57BL/6 background). Based on our previous findings, we hypothesized that WIHN 

would decrease in IL-6 KO mice compared to wild-type (WT) mice (C57BL/6).
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All animal protocols were approved by the Johns Hopkins University Animal Care and Use 

Committee. We created 1-cm2 full-thickness wounds on the backs of 21-day-old male and 

female mice, as previously described, (see Supplementary Materials and Methods online) 

(Nelson et al., 2013). First, we verified KO of the IL-6 gene by the lack of IL-6 protein 

expression after wounding in IL-6 KO mice compared to WT mice (Figure 1a). IL-6–

deficient mice have delayed wound healing (Gallucci et al., 2001); therefore, we measured 

wound size throughout our WIHN assay. IL-6 KO mice showed no delay in wound healing 

compared to WT mice (Figure 1b). This finding may be related to the larger wounds 

required in the WIHN assay. Re-epithelialization occurred about 10 days after wounding in 

both WT and IL-6 KO mice. Unexpectedly, we observed that IL-6 KO mice displayed a 

twofold increase (P = 0.001) in WIHN compared to WT mice (Figure 1c). When combined 

with our previous findings in IL-6Rα KO mice, this paradoxical increase in WIHN in IL-6 

KO mice prompted us to consider the presence of possible compensatory mechanisms.

IL-6 and other IL-6–type cytokine family members, such as oncostatin M and IL-11, share 

gp130, resulting in Stat3 activation (Heinrich et al., 2003). We asked whether these factors 

were elevated in IL-6 KO mice. Oncostatin M levels immediately increased after wounding 

in both IL-6 KO and WT mice; however, oncostatin M levels were approximately threefold 

greater in IL-6 KO mice (Figure 2a). In addition, IL-11 expression was significantly elevated 

6 hours after wounding in IL-6 KO mice compared to WT mice; however, the overall levels 

of IL-11 remained relatively low. These data suggest that in the absence of IL-6, other IL-6–

type cytokines are elevated, which may lead to enhanced STAT3 activation in the absence of 

IL-6. To directly test this, phosphorylated STAT3 protein levels were measured in both WT 

and IL-6 KO mice. In unwounded skin, the baseline level of phosphorylated STAT3 was 

increased 10-fold in IL-6 KO mice compared to WT mice (Figure 2b), implying that 

increased STAT3 activation promoted WIHN in IL-6 KO mice.

STAT3 is involved in hair follicle morphogenesis, hair cycling, wound repair, and WIHN 

(Nelson et al., 2015; Sano et al., 1999). Increased WIHN in IL-6 KOs is likely due to STAT3 

activity. To functionally test the role of STAT3 signaling in these mice, we used cucurbitacin 

I, a selective JAK2/STAT3 pharmacological inhibitor (Blaskovich et al., 2003). A single 

intradermal injection of cucurbitacin I, 7 days after wounding but before complete re-

epithelialization, was sufficient to inhibit phosphorylation of STAT3 by 85% (Figure 2c) 

(Nelson et al., 2015). Cucurbitacin I significantly reduced the number of regenerated hair 

follicles (approximately threefold) in IL-6 KO mice compared to vehicle (Figure 2d). 

Together these data suggest that although IL-6 expression is lacking within these IL-6 KO 

mice, the STAT3 signaling pathway is still present and is functionally important for WIHN.

There are several implications for this work. Because we had expected to see decreased 

WIHN in IL-6 KO mice, our paradoxical finding led us to carefully characterize our murine 

model. We demonstrate that in the absence of IL-6, other IL-6–type family members are 

elevated and that the activity of the downstream transcription factor STAT3 is significantly 

enhanced. Our results highlight the need for caution when interpreting results from IL-6 KO 

mice as related to the IL-6 signaling pathway and the general complexities of ligand 

compensation. For example, the use of bodywide constitutive KOs, such as the IL-6 KO 
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murine model, seems to allow for more compensation than previously used conditional 

tissue-specific null models (Nelson et al, 2015).

STAT3 is functionally required for WIHN and is a critical regulator of regeneration in many 

systems. Exogenous addition of IL-6 during wound healing does not augment WIHN in 

these IL-6 KO mice (data not shown) as it does in WT mice (Nelson et al., 2015), suggesting 

that STAT3 pathway activation is already sufficient for WIHN and WIHN cannot be 

enhanced further. Dimerization with gp130 to elicit activation of the JAK/STAT3 pathway is 

common to IL-6 family members. Ciliary neurotrophic factor and leukemia inhibitory factor 

have also been linked to tissue regeneration, suggesting that the activity of gp130 is the 

critical key player in this pathway (Heinrich et al., 2003).
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Figure 1. IL-6 knockout (KO) mice have increased wound-induced hair neogenesis (WIHN)
(a) Levels of IL-6 protein were measured by ELISA in wild-type (WT) and IL-6 KO mice, 

at baseline (BL) and 6 hours after wounding. n = 3. P < 0.05. (b) Full-excision skin 

wounding to the depth of skeletal muscle was performed in WT and IL-6 KO mice. At the 

time of wounding, we captured an image of the open wound. Subsequent images were 

captured every 1–2 days for 28 days. Using ImageJ computer software, wound size was 

calculated for each image, and data are shown as percentage of the original wound size 

(100%). Each datapoint is an average of 6–9 mice. (c) WIHN in IL-6 KO mice compared to 

WT control mice as measured by confocal scanning laser microscopy 20–24 days after 

wounding. Representative images for WT and IL-6 KO mice are shown. Area of WIHN is 

shown within box. Original image size is 4 mm2. n = 45. *P = 0.0004. SD, standard 

deviation.
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Figure 2. IL-6 knockout (KO) mice exhibit increased and necessary phosphorylated Stat3 (P-
Stat3) signaling for wound-induced hair neogenesis
(a) Quantitative real-time PCR of oncostatin M (OsM) levels 6 hours after wounding in 

wild-type (WT) and IL-6 KO mice. Shown as fold change relative to baseline. n = 5–6. *P = 

0.01. (b) Levels of P-Stat3 protein expression in WT and IL-6 KO mice in normal, 

nonwounded skin (baseline) as measured by western blot. Bar graph depicts ratio of P-Stat3/

Stat 3 in arbitrary units as measured by Image J software. n = 3. *P = 0.02. (c) Full-excision 

skin wounding to the depth of skeletal muscle performed in WT and IL-6 KO mice, as in 

Figure 1c, and 7 days after wounding (WD7), cucurbitacin I (2 mg/kg), or control 

(phosphate buffered saline) was injected into the healing wound. Hair follicles (HF) were 

assessed by CSLM ~ 2 weeks later. (d) Number of regenerated hair follicles within the scar, 

as assessed in Figure 1c, in IL-6 KO mice with cucurbitacin I (+Cuc) compared to vehicle 

(−Cuc). Representative confocal scanning laser microscopy images are shown. Area of 

wound-induced hair neogenesis shown within box. Original image size is 4 mm2. n = 11–13. 

*P < 0.05. SD, standard deviation.
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