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STAT1 as a downstream mediator of ERK signaling contributes to bone cancer pain by 

regulating MHC II expression in spinal microglia 
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Abstract 

Major histocompatibility class II (MHC II)-specific activation of CD4+ T helper cells 

generates specific and persistent adaptive immunity against tumors. Emerging evidence 

demonstrates that MHC II is also involved in basic pain perception; however, little is known 

regarding its role in the development of cancer-induced bone pain (CIBP). In this study, we 

demonstrate that MHC II expression was markedly induced on the spinal microglia of CIBP 

rats in response to STAT1 phosphorylation. Mechanical allodynia was ameliorated by either 

pharmacological or genetic inhibition of MHC II upregulation, which was also attenuated by 

the inhibition of pSTAT1 and pERK but was deteriorated by intrathecal injection of IFNγ. 

Furthermore, inhibition of ERK signaling decreased the phosphorylation of STAT1, as well as 

the production of MHC II in vivo and in vitro. These findings suggest that STAT1 contributes 

to bone cancer pain as a downstream mediator of ERK signaling by regulating MHC II 

expression in spinal microglia. 
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Introduction  

In 2016, 1,685,210 new cancer cases and an estimated 595,690 cancer deaths are projected to 

occur in the United States(Siegel et al., 2016). Malignant tumors such as those in lung, 

prostate, and breast can undergo skeletal metastases that could result in severe cancer-induced 

bone pain, which substantially reduces the quality of life in cancer patients(Selvaraj et al., 

2015). Unfortunately, current treatments for bone cancer pain (BCP) are insufficient due to a 

lack of understanding of the underlying mechanisms.  

  Growing evidence suggests that the neuroimmune response plays a pivotal role in the 

development and maintenance of chronic pain(Dominguez et al., 2008; Grace et al., 2011; 

Sato-Takeda et al., 2006; Sweitzer and DeLeo, 2002); however, the precise mechanism is still 

largely unknown. Microglia are the resident macrophages of the central nervous system 

(CNS), which continuously survey the microenvironment. Any alteration of neuronal activity 

can induce specific microglial changes(Nimmerjahn et al., 2005). Under chronic pain or 

neuroinflammatory conditions, microglial cells are activated and express high levels of major 

histocompatibility complex class II (MHC II). The most recognized function of MHC II is to 

be constitutively expressed on the surface of professional antigen-presenting cells loaded 

with antigenic peptide(Roche and Furuta, 2015). Notably, many studies on the effects of 

spinal dorsal microglia suggest that MHC II may be a critical molecule in chronic 

neuropathic pain and autoimmune diseases(Hashizume et al., 2000; Lincoln et al., 2005; 

Sato-Takeda et al., 2006; Sweitzer et al., 2002). Therefore, modulating the expression of 

MHC II in spinal microglia to inhibit maladaptive neuroimmune responses could be a 

potential therapeutic strategy for pain relief.  



  

  The Janus kinase/signal transducer and activator of transcription 1 (JAK/STAT1) signaling 

pathway is a key regulator of MHC II expression by modulating the expression of class II 

transactivator (CIITA)(Nikodemova et al., 2007; Ting and Trowsdale, 2002). In particular, 

JAK/STAT1 signaling is not only activated by interferon γ (IFNγ)(Herrera-Molina et al., 2012; 

Muhlethaler-Mottet et al., 1998; Nikodemova et al., 2007; Zhou et al., 2015) but is also 

among the five pathways that lead to microglial activation(Graeber, 2010; Hanisch and 

Kettenmann, 2007; Smith, 2010). To date, no direct evidence links the JAK/STAT1 signaling 

pathway to tactile allodynia under BCP conditions. We recently reported that ERK signaling 

is involved in the pathogenesis of BCP(Guan et al., 2015a); moreover, the fact that the 

activation of ERK signaling potentiates STAT1 phosphorylation was reported by 

others(Herrera-Molina et al., 2012). In the present study, we investigated the role of MHC II 

in BCP. In particular, we analyzed the relationship between ERK and STAT1 in regulating 

MHC II expression in vivo in a BCP rat model and in vitro using primary microglial cultures. 



  

Materials and Methods 

Animals 

Adult virgin female Sprague Dawley (SD) rats (weighing 200-220 g) used in the present 

study were purchased from the Experimental Animal Research Center of Hubei Province, 

Wuhan, China (No. 42000600003611). Twenty-four-hour-old rat pups were used for the 

preparation of primary microglia. All rats were kept under specific pathogen-free and 

climate-controlled conditions (temperature 23±1°C, relative humidity 60±10%) with 12-h 

light/dark cycles, individually housed in polystyrene cages containing wood shavings and fed 

standard rodent chow and water ad libitum. All experiments were conducted with the 

approval of the Animal Care and Use Committee of Huazhong University of Science and 

Technology and were in accordance with the Guidelines of the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals. 

Bone cancer pain model 

Rat BCP models were established as per the previous report with minor modifications(Guan 

et al., 2015b, ). Briefly, Walker 256 mammary carcinoma cells were inoculated into the 

abdominal cavity of adult female SD rats and extracted from the ascites after 7 days, washed 

with D-Hank’s solution and centrifuged at 500×g for 5 min at 4°C (5 cycles), and then 

calibrated at a concentration of 4×107 cells/mL and maintained on ice until inoculation. Under 

anesthesia with pentobarbital sodium (40 mg/kg, ip), rats were laid in the supine position, and 

the right legs were shaved and disinfected with 7% iodine. A small incision was made parallel 

to the tibia in order to expose the plateau. A 23-gauge needle was inserted into the tibial 

medullary canal to make a pathway for injecting carcinoma cells, which was replaced with a 



  

10 µL Hamilton syringe. A 10-µL volume containing approximately 4×10
5 

Walker 256 

mammary carcinoma cells was slowly injected in the BCP group, while an equivalent volume 

of D-Hank’s solution was injected into the sham rats. The injection site was sealed with bone 

wax as soon as the syringe was retracted, and the skin sutured with 4/0 thread (SA83G, 

Johnson & Johnson Medical (China) Ltd., Shanghai, China). All rats were placed on a warm 

pad until recovery from anesthesia and then transferred into their individual cages. 

Bone radiological and histological detection 

To analyze tibia bone destruction by Walker 256 carcinoma cells, bone radiography and 

histological staining were performed. Rats were placed on a clear plane plexiglass and 

exposed to an X-ray source under sodium pentobarbital anesthesia for 10 s at 25 kVp. Lateral 

radiographs of the right tibia were acquired using a digital radiographer system (DR-F, GE, 

Atlanta, GA, USA). Based on the radiological results, the right tibias were then collected 

from euthanized rats for bone histological investigation. The bones were post-fixed with 4% 

paraformaldehyde (PFA) for 72 h, decalcified in 10% ethylenediaminetetraacetic acid (EDTA, 

pH=7.4) for 3 weeks, and decalcified in decalcifying solution for another 24 h. The tibias 

were washed, dehydrated, and embedded in paraffin, then cut into 5-µm sections and stained 

with hematoxylin and eosin to investigate carcinoma cell invasion and bone destruction. 

Mechanical paw withdraw threshold test 

As in previous reports(Dominguez et al., 2008; Guan et al., 2015b), mechanical allodynia was 

examined using the blind method. To avoid stress resulting from the test conditions, all rats 

were placed in a quiet test room for 5 d before basal measurements. Mechanical paw 

withdraw threshold (PWT) was measured using a series of calibrated von Frey filaments at 



  

9:00 am. Rats were placed in plexiglass chambers with a wire net floor and were habituated 

for 30 min. A range of von Frey filaments (1-, 1.4-, 2-, 4-, 6-, 8-, 10-, and 15-g bending force; 

Stoelting, Wood Dale, IL, USA), starting with 1 g and ending with 15 g in ascending order, 

were applied to determine the mechanical PWT. The duration of each stimulus was 

maintained for approximately 1 s. Quick withdrawal or paw flinching was considered a 

positive response. Each monofilament was applied 5 times with a 30 s interval between 

applications, and the mechanical PWT was determined as the bending force of the filament 

for which at least 60% of the applications elicited a response.  

Intrathecal catheter implantation, drug administration 

Intrathecal cannula operation was performed as per previous reports. Briefly, rats were 

anesthetized with 2% isoflurane in 60% oxygen and intrathecally implanted with a 

polyethylene (PE)-10 catheter (inner diameter 0.3 mm, outer diameter 0.6 mm, PE-0503, 

Anilab Software & Instruments, Ningbo, China) through a gap in the vertebrae between L5 

and L6 and extended to the subarachnoid space. Animals were allowed to recover for 3 days 

and then intrathecally injected with 1% lidocaine (10 µL) to confirm the catheter position. If 

any sign of nerve injury was observed, the rat was eliminated. The reagents minocycline 

(S4226), AG490 (S1143), Fludarabine (S1491), and U0126 (S1102) were purchased from 

Selleck Chemicals (Houston, U.S), and recombinant rat IFNγ (rrIFNγ) was obtained from 

PeproTech (400-20, Rocky Hill, NJ, USA). The dose we used here was based on previous 

reports(Dominguez et al., 2008; Guan et al., 2015a; Tsuda et al., 2009; Xu et al., 2015) and 

our preliminary results(Song et al., 2016). All reagents were freshly prepared in accordance 

with their respective instructions prior to each administration. 



  

Lentivirus production and infection and spinal microinjection 

Recombinant lentiviral vector expressing shRNA-CIITA to knockdown CIITA expression 

was obtained commercially from Genechem, Shanghai, China. The sense oligonucleotide for 

CIITA was 5'-TCAGGAGAGAAGCCTCAGA-3', and the antisense was 

5'-TCTGAGGCTTCTCTCCTGA-3'; the two oligos were separated by a loop and inserted 

downstream of the U6 promoter in the lentiviral vector GV248. Lentiviruses were acquired 

from triple-infected 293T cells with approximately 80% confluence. The lentiviral vector 

backbone was hU6-MCS-Ubiquitin-EGFP-IRES-puromycin; in contrast, the same vector 

backbone without the shRNAs carrying eGFP was used as a negative control lentivirus 

(NC-LV). The viral titer for the stock was 6.0 ×10
8
 TU/mL. 

  Lentiviral vectors were microinjected into the lumber spinal cord as per previous reports 

with minor modifications(Ke et al., 2016, 2013). Briefly, the rat’s spine was stabilized with 

two individual bars fixed around the L3 vertebra under deep isoflurane anesthesia (2%). 

Under an operation microscope (Yihua Optical Apparatus Co. Ltd., Zhenjiang, China), the 

laminectomy of the thoracic T13 vertebra was gently and precisely performed to disclose the 

right side of the lumbar spinal cord. The intact dura mater and arachnoid mater were 

uncovered, and 2 µL (3.8×105 TU) of lentiviral vector was injected at a flow rate of 0.4 

µL/min. The needle was positioned 0.4 mm to the right side of the dorsal midline and at a 

depth of 0.5 mm to reach the dorsal horn. After microinjection, the needle was left in place 

for an additional 5 min to prevent back flow. The same volume of NC-LV was injected in the 

control BCP rats. After muscle and skin were sutured with 4/0 stitches and disinfected with 



  

7% iodine, rats were kept on a warm pad to recover. eGFP expression was examined by 

immunofluorescence to confirm successful lentiviral infection in each group. 

Immunohistochemistry 

After being deeply anesthetized with pentobarbital sodium (60 mg/kg, ip), rats were perfused 

through the ascending aorta with 300 mL of ice-cold saline, followed by 4% PFA in 0.1 M 

phosphate buffer (pH=7.35). The enlargement of the spinal cord (L2-L5) were collected, 

postfixed in the aforementioned fixative for 24 h at 4°C and cryoprotected in 30% sucrose for 

48 h. Transverse sections (25-µm-thick) were cut on a cryostat (CM1900, Leica, Wiesbaden, 

Germany). Free-floating sections were washed in 3 times in PBS for 5 min each, penetrated 

with 0.3% TritonX-100 for 15 min and blocked with 5% bovine serum albumin (BSA) for 1 h 

at room temperature (23±2°C). For double immunofluorescence, sections were incubated 

with a mixture of two primary antibodies for 48 h at 4°C. Specifically, to confirm MHC II 

expression on microglia, mouse anti-MHC class II RT1B primary antibody (1:100, MCA46R, 

AbDSerotec, Kidlington, UK) was mixed with goat anti-Iba1 primary antibody (microglia 

biomarker, 1:200, ab5067, Abcam, Cambridge, UK). To identify the cell type expressing 

pSTAT1ser727, primary antibody for this protein (1:100, 9177, rabbit anti-pSTAT1ser727, 

Cell Signaling Technology, Danvers, MA, USA) was co-cultured with primary antibody 

against Iba1 (1:200, ab5067, Abcam), mouse anti-glial fibrillary acidic protein (anti-GFAP, 

astrocyte biomarker, 1:500, 3670, Cell Signaling Technology), or mouse anti-NeuN (neuronal 

biomarker, 1:200, MAB377, Merck Millipore, Darmstadt, Germany). After being washed 

three times with PBS, the free-floating sections were incubated in a mixture of secondary 

antibodies for 2 h at room temperature (23±2°C) if necessary – Cyanine CyTM3-conjugated 



  

donkey-anti-mouse Ig (1:300, 715-165-150, Jackson ImmunoResearch, West Grove, PA, 

USA), Cyanine CyTM3-conjugated donkey-anti-rabbit Ig (1:300, 711-165-152, Jackson 

ImmunoResearch), Fluorescein (FITC)-conjugated donkey-anti-goat Ig (1:200, 705-095-003, 

Jackson ImmunoResearch), or Fluorescein (FITC)-conjugated donkey-anti-mouse Ig (1:200, 

715-095-150, Jackson ImmunoResearch) – and mounted with Fluoromount-G solution 

(0100-01, SouthernBiotech, Birmingham, AL, USA). Images were captured on a Leica 

fluorescence microscope (DM2500, Mannheim, Germany) or a laser scanning confocal 

microscope (FV1000, Olympus, Tokyo, Japan). 

Western blotting 

Animals were rapidly perfused through the ascending aorta with 300 mL of ice-cold saline 

under pentobarbital sodium (60 mg/kg, ip) anesthesia, and L2-L5 spinal cord segments were 

collected and stored at -80°C. Total proteins were extracted on ice using lysis buffer (250.0 

mM sucrose, 20.0 mM Tris, 0.03 mM Na3VO4, 2.0 mM MgCl2, 2.0 mM EDTA, 2.0 mM 

EGTA, 2.0 mM phenylmethylsulfonyl fluoride, 1.0 mM dithiothreitol, 0.02% protease 

inhibitor cocktail; pH=7.4), and protein concentrations were determined using a BCA Protein 

Assay Kit (AR0146, Boster, Wuhan, China). The protein samples were heated in water for 10 

min at 95°C with SDS-PAGE buffer; equal amounts of protein (20-50 µg) were then 

separated by 10% SDS-PAGE and subsequently electrotransferred onto polyvinylidene 

fluoride membranes (IPVH00010, Millipore, Billerica, MA, USA). The membranes were 

blocked with 5% BSA in TBST (0.1%) at room temperature (23±2°C) for 2 h, incubated 

overnight at 4°C with the indicated primary antibody, and then further incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature. 



  

The antibodies used in this study include mouse anti-MHC class II RT1B (1:500, MCA46R, 

AbDSerotec), rabbit anti-CIITA (1:500, sc-48797, Santa Cruz, Dallas, TX, USA), rabbit 

anti-pSTAT1ser727 (1:1000, 9177, Cell Signaling Technology), rabbit anti-STAT1(1:1000, 

14994, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-pERK1/2 Thr202/Tyr04 

(1:1000, 4370, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-ERK1/2 (1:1000, 

9102, Cell Signaling Technology, Danvers, MA, USA), mouse anti-β-actin (1:500, BM0627, 

Boster, Wuhan, China), HRP-conjugated goat-anti-mouse (1:5000, P0008, Promoter, Wuhan, 

China) and goat-anti-rabbit secondary antibody (1:5000, P0009, Promoter, Wuhan, China). 

Target protein bands were visualized using chemiluminescence (Pierce ECL Western Blotting 

Substrate, 32209, Thermo Scientific) and measured by a computerized image analysis system 

(ChemiDoc XRS+, BIO-RAD, CA, USA). 

Real-time quantitative PCR 

Total RNA was extracted from rat spinal cords (L2-L5) using TRIzol reagent (Invitrogen, 

USA) according to the manufacturer’s protocol and quantified using a spectrophotometer 

(BioPhotometer, Eppendorf, Hamburg, Germany). Quantitative real-time PCR was performed 

on a LightCycler system (StepOne, Applied Biosystems, Foster City, CA, USA) using SYBR 

green to detect amplification, and each sample was run in triplicate with 2 µL of reverse 

transcription product in a 25-µL reaction mixture. The data were analyzed with 

StepOne-Software-v2.0 (Applied Biosystems) using the standard curve method. GAPDH was 

used as an internal control. The reaction conditions for PCR were set up based on the 

manufacturer’s protocol: incubation was set at 95°C for 3 min, followed by 40 cycles of 10 s 

at 95°C, 20 s at 58°C, and 10 s at 72°C. The threshold cycle (CT) was used to estimate the 



  

amount of target mRNA. The comparative CT method with the formula for relative 

fold-change=2-∆∆CT was used to quantify the amplified transcripts. The specific primer 

sequences were designed and synthesized by Takara (Kyoto, Japan): CIITA - 

5'-AACTGCATTGTGACGAAGG-3' (sense), 5'-CCGTGAACTTGTTGAACTGG-3' 

(antisense); STAT1 - 5'-CATCACATTCACATGGGTGG-3' (sense), 5'- 

ATTGGGATACAGATACTTCAGG-3' (antisense); GAPDH - 

5'-GGCACAGTCAAGGCTGAGAATG-3'(sense), 5'-ATGGTGGTGAAGACGCCACTA-3' 

(antisense). 

Primary microglia culture and investigation in vitro 

Primary microglia were prepared by the shaking method from the cerebral cortex of 24-h-old 

rat pups as reported previously(Nikodemova et al., 2007). The cerebral cortex was dissected, 

minced, and trypsinized in 0.25% trypsin-EDTA for 20 min at 37°C. After the addition of 

horse serum to stop the reaction, the tissues were triturated with a Pasteur pipette and filtered 

consecutively through 70- and 45-µm pore-size nylon cell strainers. Collected cells were 

resuspended in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum and 100 U/mL penicillin/streptomycin and plated in 80-mm
2
 tissue flasks. After10 

days, the flasks were gently shaken for 1 h, and the medium was then harvested and 

centrifuged for 10 min at 1000×g to collect microglia. The cells were resuspended in the 

above medium and plated in 6-well plates at a density of 5×10
6 

cells/well. For the control 

group, cells were treated with DMSO (0.1%) or rrIFNγ (10 ng/mL); for the interference step, 

cells were treated with AG490 (50 µM/mL), Fludarabine (50 µM/mL), and U0126 (30 



  

µM/mL) for 30 min prior to interfering with the rrIFNγ. When the treatments were finished, 

cells were cultured for 24 h, and total proteins were prepared for western blot analyses. 

Enzyme-linked immunosorbent assay (ELISA) for CXCL9 and CXCL11 

Rat CXCL9 (Lot No. MDE96201608M) and CXCL11 (Lot No. MDE96201608T) ELISA 

Kits were purchased from MDL Biotech (Beijing, China). The spinal cords were 

homogenized in lysis buffer in order to extract the supernatant. The serum samples were 

prepared from rat whole blood by centrifugation at 3000×g for 10 min. ELISA was 

performed according to the manufacturer’s protocol. Samples (10 µL) were added to the 

wells and diluted with 40 µL dilution buffer, after which the samples were incubated for 60 

min at room temperature. After three washes with 200 µL of wash buffer, the plates were 

dried, zymolytes added, and the absorbance was measured on a spectrophotometer at 450 nm 

(Model 680, BIO-RAD, CA, USA). The readings were normalized to the amount of standard 

protein of each sample. 

Statistics 

Statistical analyses were performed using SPSS 17.0 (Chicago, IL, USA). All data are 

presented as the mean ± standard error of the mean (SEM). The differences were evaluated 

using unpaired Student’s t tests to compare two groups or one-way analysis of variance 

(ANOVA) for multiple comparisons followed by Bonferroni or Dunnett’s T3 tests if 

necessary. The differences in the mechanical PWT data between groups were analyzed via 

two-way ANOVA, in which “Time” was treated as the “within-subjects” factor and 

“Treatment” was treated as the “between-subjects” factor followed by Tukey post hoc tests. 

P<0.05 was considered to be statistically significant. 



  

Results 

Inoculation of Walker 256 mammary carcinoma cells induced bone cancer pain 

In the present study, Walker 256 carcinoma cells were collected to establish a BCP rat model 

using intratibial-cavity injection. No radiological changes were observed in sham rats at day 

21 following the sham operation compared with naive rats. In contrast, 7 days after tumor cell 

inoculation, the proximal epiphysis of the ipsilateral tibial bone (near the Walker 256 

carcinoma cell injected site) showed signs of osteolytic destruction. Further deterioration was 

detected with both medullary and bicortical bone loss, pathological fracture was observed at 

days 14 and 21 in BCP rats, plus tumor cells had migrated out of the tibial cavity and into 

peripheral soft tissues at day 21 (Fig. 1A). Sections from bone histological investigation also 

revealed bone destruction in the ipsilateral tibia of BCP animals, which manifested as the 

time-dependent replacement normal of bone marrow cells by carcinoma cells and 

disappearance of healthy trabecular structures (Fig. 1B). The mechanical PWT was tested to 

assess BCP progression prior to (day 0) and at days 3, 7, 14, 17, and 21 following operation. 

The ipsilateral hindpaw of BCP rats displayed a dramatic decrease in mechanical PWT to von 

Frey filament stimulation from 10.78±0.42 g at baseline to 5.42±0.53 g after 7 days of 

inoculation and further deteriorated to 2.06±0.56 g at day 21. In contrast, no significant 

difference was observed among the sham rats (Fig. 1C). These data indicate the successful 

establishment of a BCP rat model by Walker 256 carcinoma cell inoculation in the present 

study. 

MHC II was expressed on reactive spinal microglia in BCP rats 



  

Microglia are regarded as the resident macrophage of the CNS and are involved in the 

development of BCP. Since the spinal cord dorsal horn has been identified as a major site for 

central sensitization(Kaan et al., 2010), the extent of microglia activation in the ipsilateral 

spinal dorsal horn was therefore investigated by immunofluorescence. The microglial cells in 

naive rats had small, rod-shaped somata and highly ramified extended processes, whereas 

those in the BCP rats were robustly activated, with hypertrophic somata and relatively short 

processes from day 14 after BCP induction. Moreover, the reactive microglia were robustly 

proliferated and clustered in the ipsilateral spinal cord at days 14 and 21 following Walker 

256 carcinoma cell inoculation (Fig. 2B). MHC II in the spinal cord is likely to play an 

important role in mechanical hyperalgesia(Grace et al., 2011; Sweitzer et al., 2002); thus, the 

expression levels of CIITA and MHC II RT1B were examined by western blotting. CIITA 

expression was significantly increased by approximately two fold at day 7 (1.98±0.38-fold, 

P<0.05) and 14 (2.17±0.70-fold, P<0.05) in BCP rats yet decreased on day 21 

(1.35±0.16-fold, P=0.47), although still remaining at a relatively high level. In addition, 

MCH II RT1B expression was upregulated at day 7 (2.45±0.69-fold, P=0.29), although 

without statistical significance, and peaked on day 14 (5.63±2.00-fold, P<0.01) after BCP 

induction and remained at high levels until the final examination on day 21 (4.03±1.62-fold, 

P<0.01). In contrast, no significant changes were observed in sham-operated rats compared 

with naive rats (Fig. 2A). We also determined whether MHC II RT1B was expressed 

exclusively on microglia under BCP conditions by double-immunofluorescence staining for 

MHC II RT1B and Iba1 (microglia biomarker), GFAP (astrocyte biomarker), or NeuN 

(neuron biomarker). Spinal samples acquired from naive and BCP rats indicated that MCH II 



  

RT1B was co-expressed with Iba1-positive cells in the ipsilateral spinal dorsal horn (Fig. 2B), 

but not with GFAP or NeuN positive cells (data not shown). We found that Iba1(+)/MCH II 

RT1B(+) cells were predominantly allocated to the superficial dorsal horn of the spinal cord 

and upregulated in BCP rats from day 14 to day 21, consistent with the western blotting 

results. We next calculated the number of both Iba1- and MHC II RT1B-positive cells from 

lamina I to III and found that they were critically increased 14 days after BCP until the end of 

the observation period (P<0.01, Fig. 2C). These data indicate the importance of MHC II in 

the pathogenesis of BCP in the spinal cord. 

Pharmacological and genetic downregulation of MHC II attenuated mechanical 

allodynia in BCP rats 

To determine the role of MHC II in the progression of BCP, we pharmacologically and 

genetically modulated MHC II expression levels and examined mechanical PWT (Fig. 3A 

illustrates the experimental protocol). To reduce the number of experimental animals, we 

selected day 14 following BCP as the time point based on the above results. The prophylactic 

minocycline, which not only inhibits microglia but also downregulates microglial MHC II 

expression in microglia(Nikodemova et al., 2007), was intrathecally injected at a dose of 100 

µg in 10 µL of saline once a day for 14 days beginning immediately after BCP induction. The 

results showed that minocycline effectively ameliorated the development of mechanical 

allodynia in the ipsilateral hindpaw (7.63±2.27 g vs2.73±0.62 g at day 10, P<0.05) and 

significantly inhibited MHC II RT1B expression (approximately three-fourths inhibition, 

P<0.01) in minocycline-treated BCP rats compared with the normal saline-treated group (Fig. 

3B, C). CIITA is necessary for MHC II expression(Ting and Trowsdale, 2002); thus, to 



  

further determine whether MHC II contributed to the development of BCP, a recombinant 

RNAi-LV conjugated with enhanced green fluorescent protein (eGFP) was microinjected into 

the ipsilateral spinal dorsal horn to knock down CIITA expression. As shown in Fig. 3D, the 

spread of lentiviral vectors was evaluated using transgene-produced eGFP, and the findings 

revealed that the lentivirus was mainly distributed in the L3 spinal cord dorsal horn and 

strictly restricted to the injected site. Fourteen days post Walker 256 carcinoma cell 

inoculation (11 days following microinjection), CIITA was examined by western blotting and 

RT-qPCR to test the efficiency of RNAi-LV. CIITA knockdown resulted in decreased MHC II 

RT1B and effectively attenuated tactile allodynia (P<0.01, Fig. 3E, F, G). Next, a potent 

MHC II inducer, rrIFNγ(Tsuda et al., 2009) was intrathecally injected (1000 U in 10 µL) into 

naive rats, as well as either RNAi-LV- or NC-LV-treated BCP rats (11 days post carcinoma 

cell inoculation). We found that rrIFNγ induced the reduction of mechanical PWT and 

significantly increased the expression of CIITA and MHC II RT1B in naive and 

NC-LV-treated BCP rats, but not in those treated with RNAi-LV, 72 h after intrathecal 

injection (P<0.01, Fig. 3H, I, J). These results further suggest that RNAi-LV effectively 

inhibited CIITA and MCH II RT1B in the lumbar spinal cord and confirm that MHC II is 

involved in mechanical allodynia. Taken together, these data demonstrate that MHC II 

mediates the mechanical allodynia underlying the BCP. 

STAT1 and ERK are activated in the spinal cords of BCP rats 

JAK/STAT1 signaling positively regulates MCH II expression by targeting CIITA(Ting and 

Trowsdale, 2002); we therefore examined the expression of total and activated STAT1 

(pSTAT1ser727) in the spinal cord. Western blotting showed that pSTAT1ser727 accumulated 



  

robustly in BCP rats after14 and 21days of carcinoma inoculation compared with naive rats 

(3.68±0.99-fold at day 14, 2.86±0.83-fold at day 21, P<0.01, Fig. 4A). Total STAT1 protein 

levels were also increased at day 7 (2.99±0.25-fold, P<0.01) and persisted until day 21 

(2.47±0.19-fold at day 14, 2.59±0.38-fold at day 21). STAT1 mRNA level were also 

persistently increased in the BCP group compared with the naive group (3.65±0.21-fold at 

day 7, 4.16±0.29-fold at day 14, 2.75±0.11-fold at day 21, P<0.01, Fig. 4B), consistent with 

the western blot results. Moreover, immunofluorescence demonstrated that pSTAT1ser727 

was expressed on both Iba1- and GFAP-positive cells but not on NeuN-positive cells (Fig. 

4C). Previous work showed that ERK undergoes time-dependent phosphorylated in the spinal 

cord of BCP rats and is involved in mechanical hypersensitivity(Guan et al., 2015a). We also 

examined the time-course of ERK activation in the present study using western blotting and 

found that pERK was robustly increased at day 14 in cancer-bearing rats (1.59±0.18-fold, 

P<0.01) and persisted until day 21 (1.50±0.10-fold, P<0.01), consistent with the upregulation 

of pSTAT1ser727 (Fig. 5).  

ERK regulates STAT1 phosphorylation and further modulates MHC II expression in 

the spinal cord 

To investigate the role of STAT1 in BCP, AG490 (inhibitor of JAK, an upstream regulator of 

STAT1, 5 µg in 10 µL, it, once a day for 14 days) and Fludarabine (STAT1 inhibitor, 10 µg in 

10 µL, it, once a day for 14 days) were prophylactically administered immediately after 

Walker 256 carcinoma cell inoculation for 14 consecutive days. As shown in Fig. 6A and B, 

pSTAT1ser727 was significantly inhibited by Fludarabine treatment (P<0.01) but not by 

AG490. Similarly, CIITA and MHC II RT1B expression levels were also inhibited by 



  

Fludarabine (P<0.01, Fig. 6A, E, F), and mechanical allodynia was attenuated by this reagent 

(P<0.05 compared with control group, Fig. 5G). These data suggest that STAT1 

phosphorylation might not be mainly activated by JAK and that pSTAT1 could be a 

prominent regulator of CIITA and MHC II expression in BCP. Furthermore, ERK signaling 

has been reported to interact with the JAK/STAT1 pathway(Dai et al., 2013; Gough et al., 

2008; Li et al., 2010); therefore, we examined the relationship between ERK and JAK/STAT1 

signaling under BCP conditions. A dose of 5 µg of the MEK inhibitor U0126 in 10 µL saline 

was intrathecally injected immediately following tumor cell inoculation for 14 consecutive 

days. The upregulation of pERK, pSTAT1ser727, CIITA, and MHC II RT1B were 

significantly inhibited by U0126 (P<0.05 compared with the control group, Fig. 6A, C, D～

F), as was the mechanical PWT (P<0.05 compared with the control group, Fig. 6G). In 

particular, both AG490 and Fludarabine had relatively weaker effects on pERK levels (Fig. 

6D). To identify the potency of AG490, we examined whether this reagent would inhibit 

IFNγ-induced STAT1 activation and ERK signaling. A dose of 5 µg of AG490 was injected 

into naive rats 30 min prior 1000 U of rrIFNγ, while the control group received only rrIFNγ. 

After 6 h, the enlargement of the spinal cord was collected, and the protein levels were 

examined by western blotting. The results showed that activated pSTAT1ser727 (P<0.05 

compared with control group) and pERK (P<0.01 compared with control group) were 

dramatically inhibited by 5 µg of AG490; however, the total STAT1, CIITA, and MHC II 

RT1B did not differ significantly between the groups (Supplemental Fig, 1). Based on this 

evidence, we can reasonably conclude that the upregulation of pSTAT1ser727 occurred 



  

mainly through ERK signaling in BCP rats, in other words, an alternative upstream molecule 

(not limited to JAK) regulated STAT1 phosphorylation in BCP. 

ERK signaling regulates STAT1 phosphorylation to modulate MHC II expression on 

cultured primary microglia 

pERK expression was previously reported in both spinal microglia and astrocytes in BCP 

rats(Wang et al., 2012). However, our current results demonstrated that pSTAT1 is also 

coexpressed in these glial cells, which led us to question how signaling modulates MHC II 

expression in microglia. Thus, we cultured primary microglial cells from the cerebral cortex 

of neonatal rat pups in vitro to further investigate the precise intracellular relationship 

between ERK and STAT1 signaling in modulating MHC II expression. In the presence of 

U0126, but not AG490, the upregulation of pSTAT1, pERK, CIITA, and MHC II RT1B in 

cultured cells induced with rrIFNγ was significantly inhibited (P<0.05 compared with the 

rrIFNγ stimulated group, Fig. 7A, B, D～F). Notably, Fludarabine exclusively inhibited 

upregulation of pSTAT1, CIITA, and MHC II RT1B expression (P<0.05 compared with the 

rrIFNγ stimulated group, Fig. 7A～C, F). These data are similar to the in vivo results, which 

further confirm that ERK signaling regulates STAT1 phosphorylation to modulate MHC II 

expression in microglia. 

Possible extracellular triggers of ERK signaling pathway activation 

Our previous study revealed that the activation of the chemokine receptor CXCR3 mediates 

BCP via the ERK signaling pathway(Guan et al., 2015a). We already investigated the 

chemokine CXCL10, one of three CXCR3 ligands, in another previous study(Bu et al., 2014); 

therefore, in the present study, we examined the expression levels of CXCL9 and CXCL11 in 



  

the spinal cord or serum after BCP by ELISA. The results showed that spinal CXCL9 

significantly increased 7 days after BCP and persisted for up to 21 days (P<0.01 compared 

with the naive group, Fig. 8A). For comparison, serum CXCL9 levels did not dramatically 

increase at any time point after BCP and even decreased at day 14 (P<0.05 compared with the 

naive group, Fig. 8B). CXCL11 levels did not change significantly in either the spinal cord or 

the serum, although they were slightly increased compared with naive rats (Fig. 8C, D). Our 

findings and those from previous studies suggest that the chemokines CXCL9 and CXCL10 

may be possible extracellular signals that induce the activation of ERK signaling in spinal 

dorsal microglia under BCP conditions. 



  

Discussion 

In the current study, we demonstrated that (i) spinal dorsal horn microglia undergo 

proliferation after Walker 256 mammary carcinoma cell inoculation in SD rats; (ii) MHC II is 

expressed by activated microglia and contributes to the progression of bone cancer pain; (iii) 

STAT1 signaling is involved in the modulation of MHC II expression; and (iv) 

phosphorylation of STAT1 is regulated by ERK via a noncanonical pathway in microglia. 

  In recent decades, the development of BCP models has promoted progress in the 

investigation of BCP mechanisms. According to a review by Currie and colleagues(Currie et 

al., 2013), various carcinoma cell lines have been injected into mouse or rat axonal bones to 

mimic the symptoms and pathological features of clinical patients with BCP. In the present 

study, Walker 256 carcinoma cells were inoculated into the tibial cavity (consistent with 

previous methods(Bu et al., 2014; Guan et al., 2015a, )), which induced osteolysis, pathologic 

fracture, and mechanical allodynia. Therefore, a rat BCP model was successfully established. 

  Mounting evidence indicates that spinal cord microglia plays a crucial role in the 

development and maintenance of BCP(Hald et al., 2009; Lan et al., 2010; Zhang et al., 2005). 

Indeed, activated microglia interact with neurons by releasing a variety of pro-inflammatory 

cytokines, chemokines and neuronal mediators, resulting in central sensitization(Calvo and 

Bennett, 2012). The development of microgliosis in the CNS is a major contributor to the 

progression of chronic pain states, including neuropathic, inflammatory, and bone cancer 

pain(Calvo and Bennett, 2012). In our study, we found that activated microglia with bulk 

somata were distributed ipsilaterally in the spinal dorsal horn of BCP rats starting at 14 days 

following Walker 256 carcinoma cell inoculation and lasting until 21 days. The time-course 



  

of prominent microglia proliferation correlated with the maintenance of BCP, which suggests 

that the role of microglia is not just limited to the initial phase of behavioral hypersensitivity. 

Of course, other factors such as inflammation, products secreted from the solid carcinoma, 

and tumor-induced injury to primary afferent neurons and bone remodeling cannot be 

excluded in the pathogenesis of BCP(Bloom et al., 2011; Clohisy and Mantyh, 2003). 

Remarkably, some of the microglia clustered and formed several colonies, potentially 

implying that these cells were chemotactic and migrated and were possibly involved in 

phagocytosis. Whether synaptic stripping, a process in which microglia selectively remove 

synapses from injured neurons(Trapp et al., 2007), underlies BCP is still far from certain, and 

this phenomenon requires further investigation. 

  Rat MHC gene sequences are located on the short arm of chromosome 20 and span 

approximately 4 Mb(Hurt et al., 2004). The effect of MHC was previously thought to be 

limited to antigen presentation; however, genetic studies have revealed that MHC is involved 

in basal pain perception, analgesia sensitivity, and chronic pain states(Dominguez et al., 2008; 

Mogil, 2012; Sato-Takeda et al., 2006). Furthermore, MHC II, which is not constitutively 

expressed in resting microglia, was shown to be potently upregulated as the cells are 

activated(Hamo et al., 2007). Sweitzer and colleagues demonstrated that MHC II-positive 

cells increased after peripheral nerve injury; similarly, MHC II knockout mice exhibited 

dramatically attenuated allodynia compared to their wild-type counterparts following L5 

spinal nerve transection(Sweitzer and DeLeo, 2002; Sweitzer et al., 2002). In addition, an 

MHC haplotype involved in the incidence of post-herpetic pain has also been 

reported(Sato-Takeda et al., 2006). More recently, another group found that MHC II 



  

contributes to differences in basal pain sensitivity and nociceptive responses in a 

formalin-induced pain model(Guo et al., 2010, 2015). However, MHC II has yet to be linked 

to BCP. 

  In the present study, we examined the expression of MHC II RT1B, synonymous with 

MHC II-DQ, and observed increased expression specifically in spinal microglia after 14 days 

of tumor cell inoculation, which correlates with the progression of mechanical allodynia. 

MHC II RT1B pharmacological inhibition and genetic interference both prevented tactile 

allodynia. Within the spinal cord, IFNγ receptors are specifically expressed by microglia, and 

intrathecal injection of rrIFNγ in normal animals produced tactile allodynia(Tsuda et al., 

2009). More remarkably, this cytokine is the most effective activator of microglial MHC II 

expression(Hanna and Etzioni, 2014; Schartner et al., 2005), being most likely produced by 

astrocytes and neurons(Racz et al., 2008). When animals were intrathecally administered with 

rrIFNγ, upregulated MHC II expression, as well as mechanical allodynia, were observed in 

naive and NC-LV-treated rats but not in RNAi-LV-treated BCP rats. To our knowledge, this is 

the first report to identify a role for MCH II in the pathogenesis of BCP. These results suggest 

that MHC II is at least partly involved in the development and maintenance of BCP in rats. 

  CIITA can be divided into four general domains based on its structure, and the 

amino-terminal region functions as a transcriptional activator that interacts with many 

proteins. Three promoters (PI, PII, and PIV) control CIITA expression in a tissue-specific 

manner(Muhlethaler-Mottet et al., 1997). Notably, a growing body of evidence has 

unequivocally suggested that PIV CIITA expression requires STAT1(Levy and Darnell, 2002; 

Londhe and Davie, 2011; Morris et al., 2002; Muhlethaler-Mottet et al., 1998). CIITA is the 



  

major transcriptional regulator of MHC II(Ting and Trowsdale, 2002), and CIITA deficiency 

results in a lack of MHC II expression in some cell types(Hanna and Etzioni, 2014). 

Activation of specific intracellular signaling pathways that modulate CIITA transcription, 

including STAT1, induces MHC II expression(Piskurich et al., 1999). STAT1 resides in the 

cytoplasm in resting cells, whereas it accumulates in the nucleus to drive transcription when 

activated(Levy and Darnell Jr, 2002). Interestingly, STAT1 tyrosine 701 phosphorylation is 

involved in DNA binding and transcription, while serine 727 phosphorylation initiates gene 

transactivation(Stark and Darnell Jr, 2012; Wang et al., 2015). In other words, full STAT1 

transcriptional activity required phosphorylation at serine 727(Decker and Kovarik, 2000; 

Herrera-Molina et al., 2012; Kovarik et al., 2001; Stark and Darnell Jr, 2012). Moreover, 

emerging evidence suggests that serine727 phosphorylation is independently responsible for 

STAT1 transcriptional function(Liu et al., 2003; Ng et al., 2006). Some studies have reported 

that activated STAT1 binds to the CIITA promoter (Londhe and Davie, 2011; Morris et al., 

2002; Piskurich et al., 1999, 1998). In the present study, we demonstrated that pSTAT1ser727 

in microglia contributes to BCP in Walker 256 carcinoma cell-inoculated rats. Although the 

administration of AG490, a JAK inhibitor, did not block STAT1 phosphorylation, the effects 

of Fludarabine on CIITA and MHC II expression, as well as on mechanical allodynia, were 

more profound. In the basic model of STAT1 activation, tyrosine 701 phosphorylation is 

regarded as a perquisite for serine 727 phosphorylation(Herrera-Molina et al., 2012); however, 

emerging evidence indicates that serine 727 can be phosphorylated by other kinases or signal 

transducers(Decker and Kovarik, 2000; Ng et al., 2006). Nevertheless, the partly selective 



  

inhibitory function of AG490 on JAK cannot be entirely excluded. Therefore, alternative 

upstream molecule(s) for STAT1 serine 727 phosphorylation may be involved in BCP. 

  A previous report suggested that activated ERK is involved in BCP(Guan et al., 2015a), 

and others have also shown that STAT1 can be activated by ERK(Dai et al., 2013; Wang et al., 

2010); thus, we postulated that ERK is responsible for STAT1 activation. In the present study, 

tumor-bearing rats treated with U0126 showed significant inhibition of pSTAT1ser727. The 

JAK inhibitor AG490 had weaker inhibitory effects on pSTAT1ser727 and pERK but 

suppressed IFNγ-induced signaling activation, which further confirmed that STAT1 signaling 

is not triggered by its canonical upstream molecule JAK under BCP conditions. These results 

suggest that ERK-dependent factors play an important role in STAT1 phosphorylation and in 

the development and maintenance of BCP in rats. In addition, the upregulation of CIITA and 

MHC II expression underlying BCP was reduced by U0126. Indeed, both ERK and STAT are 

downstream of gp130 in the intracellular signaling network. Furthermore, STAT proteins 

contain highly conserved phosphorylation sites for ERK(Dai et al., 2013). During the 

development of tolerance to morphine-induced analgesia as well as other cell types 

stimulated by IFNγ, STAT1 phosphorylation at serine727, but not at tyrosine701, was shown 

to be dependent on ERK(Wang et al., 2010; Wen et al., 1995), which is consistent with our 

current findings. Other studies have also shown that crosstalk between ERK and STAT1 

depends on serine727 phosphorylation, with the two signaling pathways synergistically 

mediating intracellular signal transduction(Kovarik et al., 2001; Tian et al., 2004). Since the 

inhibitory effects of both AG490 and Fludarabine on pERK were not as profound as those of 



  

U0126 in our BCP model, we speculate that this discrepancy can be attributed to differences 

in the cell types and pathophysiological conditions, which thus warrants further exploration. 

  As demonstrated previously, pERK was expressed in both microglia and astrocytes in BCP 

in which the same carcinoma cell line and animal species as ours were adopted(Wang et al., 

2012). Phosphorylated STAT1 was also observed to co-localize with these two different types 

of glial cells in the present study. Unfortunately, we could not clearly determine how this 

signaling pathway regulates MHC II expression due to the complex relationship between 

microglia and astrocytes in vivo. Therefore, to further identify the specific roles of and 

relationship between the intracellular signaling pathways in these two cell types, we cultured 

primary cerebral cortex microglia from rat pups in vitro. Previous studies reported that IFNγ 

not only induces microglial activation(Graeber, 2010; Smith, 2010; Tsuda et al., 2009) but 

also activates CIITA transcription(Ting and Trowsdale, 2002). Therefore, this cytokine was 

selectively used to stimulate cultured primary microglia. As predicted, the results mirror those 

obtained in animals.  

  The CNS is not a completely privileged immunological organ since an immune can 

develop under certain conditions. This knowledge is completely confirmed by the recent 

discovery of the structural and functional features of central nervous system lymphatic 

vessels(Louveau et al., 2015). In some autoimmune diseases such as multiple sclerosis, as 

well as in injury-induced neuropathic pain, peripheral CD4
+
 T lymphocytes that infiltrate 

through the blood-brain barrier can interact with microglia and release pro-inflammatory 

cytokines(Calvo et al., 2012; Cao and DeLeo, 2008; Chastain et al., 2011; Grace et al., 2011). 

A review by Grace et al. highlighted the role of immunological synapses between MHC 



  

II-positive microglia and CD4
+
 T lymphocytes in the pathogenesis of neuropathic pain(Grace 

et al., 2011). In this respect, we speculate that BCP is not an exception since peripheral 

immune cells could migrate into the spinal cord to interact reciprocally with spinal microglia. 

Alternatively, infiltrated CD4
+
 T lymphocytes might interact with MHC II-presented antigens 

and contribute to the development and maintenance of BCP. However, this hypothesis should 

be carefully investigated. 

  Intracellular signaling pathways act as a point of convergence between extracellular signals 

and the intracellular events underlying physiological and pathological conditions. A wealth of 

evidence has suggested that phosphorylated ERK is an important intracellular signal in the 

development of bone cancer pain(Wang et al., 2011; Wang et al., 2012). However, there is 

little evidence to suggest which extracellular signals induce the activation of ERK signaling 

in spinal dorsal microglia in BCP. Our results suggest that the chemokines CXCL9 and 

CXCL10 are involved in the activation of intracellular ERK signaling via their common 

receptor CXCR3. Because microglia have receptors for and respond to injury signals such as 

cytokines and other chemokines (CCL2, Fractalkine, IFNγ, etc.), multiple factors can induce 

the activation of ERK signaling via these receptors. The extracellular signals that trigger ERK 

activation in BCP therefore require further study. 

  In summary (Fig. 9), the present study demonstrated that STAT1 is a downstream mediator 

of ERK signaling that contributes to bone cancer pain by regulating MHC II expression in 

spinal microglia. Moreover, STAT1 is expressed in spinal microglia and astrocytes under 

BCP conditions. 
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Fig. 1. Inoculation of Walker 256 carcinoma cells induced tibial osteolysis and 

mechanical allodynia. (A) Radiological results demonstrate signs of osteolytic destruction in 

the proximal epiphysis of the ipsilateral tibia (red arrow) in a time-dependent manner, with 

some carcinoma cells also migrating out of the tibial cavity and damaging the peripheral soft 

tissues at day 21; no significant changes were observed in naive and sham (21 days following 

sham operation) rats (n=3 rats for each group). Scale bar=1 cm. (B) HE-stained sections show 

normal trabecular structure and marrow cells in naive and sham (21 days following sham 

operation) rats; in contrast, the normal marrow cells were replaced by inoculated Walker 256 



  

carcinoma cells and healthy bone structure disappeared starting from day 14 (n=3 rats in each 

group). Scale bar=200 µm. (C) Mechanical paw withdrawal threshold (PWT) was tested 

using a series of calibrated von Frey filaments prior to tumor cell inoculation (0 day) and at 3, 

7, 10, 14, 17, and 21 days following model operation. The results are expressed as the 

mean±SEM, showing that the mechanical PWT decreased from 10.78±0.42 g at baseline to 

5.42±0.53 g at day 7 and further deteriorated to 2.06±0.56 g at day 21 post-inoculation in the 

BCP group. **P<0.01 compared with the baseline in each group; &&
P<0.01 compared with 

the naive group at each corresponding time point. 



  

 

 

Fig. 2. CIITA and MHC II RT1B expression in the spinal cord and cell-type specificity 

of MHC II RT1B under BCP conditions. (A) Western blot showing the time-course of 

changes in CIITA and MHC II RT1B expression after BCP. Representative bands are shown 

as the mean±SEM. Inoculation of Walker 256 carcinoma cells induced significantly increased 

CIITA and MHC II RT1B expression (n=3). *P<0.05, **P<0.01 compared with the naive 

group. (B) Immunofluorescence showing that microglia (green, Iba1 as a biomarker) 

hypertrophied and proliferated following BCP induction. Double-immunofluorescence 

staining shows that MHC II RT1B (red) was co-expressed with Iba1 (green)-positive cells in 

the superficial spinal dorsal horn of BCP rats after 14 days of Walker 256 carcinoma cell 

inoculation (n=3). Scale bar=100 µm. (C) The number of both Iba1- and MHC II 



  

RT1B-positive cells from lamina I to III was calculated, which was critically increased 14 

days after BCP until the end of observation. **P<0.01 compared with the naive group. 



  

 

 

Fig. 3. MHC II mediates mechanical allodynia in BCP. (A) Schematic representing the 

experimental protocol. Three days prior to the establishment of the BCP model, an intrathecal 



  

catheter operation was performed. At day 0, Walker 256 carcinoma cells were injected into 

the right tibial cavities of rats under pentobarbital sodium anesthesia. To assess pain 

perception, a mechanical paw withdrawal threshold (PWT) test was performed prior to BCP 

surgery (day 0) and at days 3, 7, 10 and 14 after surgery using a series of calibrated von Frey 

filaments. In experiment 1, minocycline (100 µg in 10 µL) or vehicle (normal saline, 10 µL) 

was intrathecally (it) injected once a day for 14 days. In experiment 2, lentivirus vectors 

(3.8×105 TU in 2 µL) were microinjected into the right lumbar spinal dorsal horn of BCP rats 

3 days following carcinoma cell inoculation. In experiment 3, recombinant rat IFNγ (rrIFNγ, 

1000 U in 10 µL) was intrathecally injected to induce the upregulation of MHC II in 

RNAi-LV- or CN-LV-treated BCP rats at day 11 following BCP surgery or injected into naive 

rats. The lumbar spinal cords (L2-L5) were collected at day 14. (B, C) The mechanical paw 

withdrawal threshold (PWT) was decreased from a baseline of 12.38±1.34 g to 4.05±1.68 g at 

day 7 and persisted to day 14 in normal saline (NS)-treated BCP rats. However, intrathecal 

administration of minocycline (MC) effectively ameliorated the development of mechanical 

allodynia and inhibited the upregulation of MHC II RT1B. (n=3). *P<0.05, **P<0.01 

compared with the baseline in each group; 
&

P<0.05, 
&&

P<0.01 compared between groups at 

each corresponding time point. (D) Single injection of lentiviral vector resulted in eGFP 

expression specifically in the injected dorsal horn (L3, right lateral). Scale bar=200 µm. (E) 

Real-time qPCR analysis revealed CIITA mRNA upregulation in BCP rats, which was 

attenuated by microinjection with RNAi-LV but not CN-LV (n=3 in each group). 
&&

P<0.01 

compared with the BCP group. (F) Western blot analysis of CIITA and MHC II RT1B 

expression levels showing that both were inhibited in the BCP +RNAi-LV group but not in 



  

the BCP + CN-LV group (n=3 in each group). 
&&

P<0.01 compared with BCP group. (G) The 

mechanical PWT robustly decreased in BCP and NC-LV-treated BCP rats but was preserved 

by RNAi-LV treatment (n=3 in each group). *P<0.05, **P<0.01 compared with the baseline 

in each group, 
&&

P<0.01 compared with the BCP rats at each relevant time point. (H) 

Intrathecal injection with recombinant rat IFNγ (rrIFNγ) increased CIITA mRNA levels in 

naive rats compared with RNAi-LV-treated BCP rats (n=3 in each group). 
&&

P<0.01 

compared with BCP+RNAi-LV+rrIFNγ group. (I) Intrathecal rrIFNγ upregulated CIITA and 

MHC II RT1B protein levels in naive rats but not in RNAi-LV-treated rats (n=3). &&
P<0.01 

compared with BCP+RNAi-LV+rrIFNγ group. (J) A single dose of rrIFNγ induced 

mechanical allodynia in naive rats 6 h after injection, which persisted until the end of the 

experiment (n=6 in each group). **P<0.01 compared with the baseline in each group.  



  

 

 

Fig. 4. pSTAT1ser727 and total STAT1 levels in the spinal cords of BCP rats and the 

cell-type specificity of pSTAT1ser727. (A) Western blot showing a significant difference in 

pSTAT1ser727 and total STAT1 in the spinal cords of BCP rats versus naive rats (n=3 in each 

group). **P<0.01 compared with the naive group. (B) STAT1 mRNA levels, as tested by 

real-time PCR, were consistently increased in the BCP group (n=3 in each group). **P<0.01 

compared with the naive group. (C) Confocal images of pSTAT1ser727 immunostaining (red) 

and its colocalization with microglia (Iba1, green) or astrocytes (GFAP, green), but not with 



  

neurons (NeuN, green) in the superficial spinal dorsal horns (lamina I to III, n=3 in each 

group). Scale bar=50 µm. 



  

 

 

Fig. 5. ERK activation in the spinal cords of BCP rats. Western blot bands and bar graphs 

showing no significant difference in pERK in the sham group, compared with a significant 

increase in the BCP group 14 days following sarcoma inoculation, persisting until day 21 

(n=3 in each group). **P<0.01 compared with the naive group. 



  

 

 

Fig. 6. ERK signaling regulates STAT1 phosphorylation, and pSTAT1 modulates MHC 

II expression in the spinal cord under BCP conditions. AG490 (5 µg in 10 µL), 

Fludarabine (10 µg in 10 µL), or U0126 (5 µg in 10 µL) was intrathecally injected into 

cancer-bearing rats once a day for 14 days, beginning immediately after carcinoma cell 

inoculation (n=3 in each group). (A) Representative western blot showing pSTAT1ser727, 

total STAT1, pERK42/44, total ERK42/44, CIITA, MHC II RTIB, and β actin protein levels 

in the spinal cords of BCP rats. (B) Bar graphs showing that Fludarabine and U0126, but not  

AG490, significantly inhibited the upregulation of pSTAT1ser727. (C) None of these reagents 

significantly altered total STAT1 levels under BCP conditions. (D) U0126, but not AG490 or 

Fludarabine, inhibited pERK42/44 production. (E) and (F) Both Fludarabine and U0126 

blocked the increase in CIITA and MHC II RT1B expression. **P<0.01 compared with the 



  

normal saline-treated BCP group. In figure G, the linear graphs show that Fludarabine and 

U0216 effectively prevented the decrease in the mechanical paw withdrawal threshold (PWT). 

**P<0.01 compared with the baseline in each group. 
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Fig. 7. ERK signaling regulates STAT1 phosphorylation to modulate MHC II expression 

in cultured primary microglia. Primary cerebral cortex microglia were cultured, purified, 

collected, and randomly divided into 5 groups (n=3 in each group): DMSO, recombinant rat 

IFNγ (rrIFNγ), AG490 +rrIFNγ, Fludarabine + rrIFNγ, and U0126 + rrIFNγ. After 24 h of 

stimulation, total proteins were extracted for western blot analysis. (A) Representative 

western blots showing pSTAT1ser727, total STAT1, pERK42/44, total ERK42/44, CIITA, 

MHC II RTIB, and β actin protein levels in the different groups (B, C, E, and F). 

pSTAT1ser727, total STAT1, CIITA, and MHC II RT1B levels were significantly increased in 

the rrIFNγ group and in the AG490+rrIFNγ group compared with the DMSO group but were 

inhibited in the Fludarabine+rrIFNγ and U0126+rrIFNγ groups compared with the rrIFNγ 

group. (D) Bar graph showing that pERK42/44 levels were upregulated in the rrIFNγ and 

AG490+rrIFNγ groups compared with the DMSO group and were selectively inhibited in the 



  

U0126-pretreated group compared with the rrIFNγ group. *P<0.05, **P<0.01 compared with 

the DMSO group, #
P<0.05, ##

P<0.01 compared with the rrIFNγ group. 



  

 

 

Fig. 8. CXCL9 and CXCL11 protein levels in the spinal cord and serum under BCP 

conditions. CXCL9 and CXCL11 protein levels were tested by ELISA. (A) The spinal level 

of CXCL9 was significantly increased in BCP rats. (B) However, the serum level of CXCL9 

was not upregulated at any time point after BCP, and even decreased at day 14. (C, D) The 

change in CXCL11 levels was not statistically significant both in the spinal cord and in serum 

but was slightly increased compared with the naive group. *P<0.05, **P<0.01 compared 

with the naive group. 



  

 

 

Fig. 9. A proposed model for MHC II expression in spinal microglia underlying bone 

cancer pain (BCP). Under BCP conditions, STAT1 acts as a downstream mediator of ERK 

signaling to contributes to bone cancer pain by regulating MHC II expression in spinal 

microglia. 



  

 

 

Supplemental Fig. 1. The potency of AG490 on IFNγ-induced STAT1 and ERK 

activation. A dose of 5 µg AG490 was intrathecally injected into naive rats 30 min prior to 

rrIFNγ injection (1000 U, it.); the control group was injected with the same dose of rrIFNγ. 

After 6 h, the enlargement of the spinal cord was collected, and protein levels were examined 

by western blotting. The results showed that activated pSTAT1ser727 and pERK were 

dramatically inhibited by 5 µg of AG490, whereas total STAT1, CIITA, and MHC II RT1B 

levels did not differ significantly between groups. *P<0.05, **P<0.01 compared with the 

rrIFNγ-injected group. 



  

� MHC II was expressed on activated microglia in the spinal cord dorsal horn of BCP rats 

� STAT1 is a major mediator in modulating the expression of MHC II in microglia 

� Phosphorylation of STAT1 is regulated by ERK signaling under BCP condition 

 




