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activity of paclitaxel and alleviates 
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Abstract 

Chemotherapy in combination with immunotherapy has gradually shown substantial promise to increase T cell 
infiltration and antitumor efficacy. However, paclitaxel in combination with immune checkpoint inhibitor targeting 
PD-1/PD-L1 was only used to treat a small proportion of metastatic triple-negative breast cancer (TNBC), and the clini‑
cal outcomes was very limited. In addition, this regimen cannot prevent paclitaxel-induced peripheral neuropathy. 
Therefore, there was an urgent need for a novel target to enhance the antitumor activity of paclitaxel and alleviate 
chemotherapy-induced peripheral neuropathy in breast cancer. Here, we found that Dickkopf-1 (DKK1) expression 
was upregulated in multiply subtypes of human breast cancer specimens after paclitaxel-based chemotherapy. 
Mechanistic studies revealed that paclitaxel promoted DKK1 expression by inducing EGFR signaling in breast cancer 
cells, and the upregulation of DKK1 could hinder the therapeutic efficacy of paclitaxel by suppressing the infiltra‑
tion and activity of CD8+ T cells in tumor microenvironment. Moreover, paclitaxel treatment in tumor-bearing mice 
also increased DKK1 expression through the activation of EGFR signaling in the primary sensory dorsal root ganglion 
(DRG) neurons, leading to the development of peripheral neuropathy, which is charactered by myelin damage 
in the sciatic nerve, neuropathic pain, and loss of cutaneous innervation in hindpaw skin. The addition of an anti-
DKK1 antibody not only improved therapeutic efficacy of paclitaxel in two murine subtype models of breast cancer 
but also alleviated paclitaxel-induced peripheral neuropathy. Taken together, our findings providing a potential 
chemoimmunotherapy strategy with low neurotoxicity that can benefit multiple subtypes of breast cancer patients.
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Introduction
Breast cancer is one of the most common causes of 
death in women globally, with a rising trend in inci-
dence. Paclitaxel (PTX) is widely used as a fundamen-
tal chemotherapeutic agent for the treatment of breast 
cancer [1]. Recently, the combination of paclitaxel and 
immunotherapy was proposed to be a promising strategy 
to improve chemotherapy outcomes by enhancing cyto-
toxic T-cell responses [2]. In particular, paclitaxel plus an 
immune checkpoint inhibitor targeting PD-1/PD-L1 was 
suggested to treat breast cancer [3]. Unfortunately, the 
IMpassion130 clinical trial suggested that only patients 
with unresectable locally advanced or metastatic triple-
negative breast cancer (TNBC) can benefit from this 
therapeutic strategy [4]. Thus, it is of great significance 
to explore a new chemoimmunotherapy regimen that can 
benefit multiple subtypes of breast cancer patients.

Paclitaxel-induced peripheral neuropathy is a progres-
sive and refractory adverse consequence of chemother-
apy, which is characterized by chronic pain, a burning 
sensation, and tingling in the feet and hands in a “glove 
and stocking” distribution [5]. Neuropathic pain induced 
by paclitaxel often seriously affects the quality of life in 
individuals surviving cancer, leading to dose reductions 
or even to cessation of anticancer therapy [6]. However, 
there is currently no effective strategy for treating or pre-
venting paclitaxel-induced peripheral neuropathy.

Dickkopf-1 (DKK1), a secreted protein and Wnt sign-
aling pathway regulator, is highly expressed in a wide 
range of human cancers [7]. Numerous studies have 
documented that DKK1 can exert immunosuppressive 
effects within the tumor microenvironment by inducing 
immunosuppressive polarization of macrophages, foster-
ing the accumulation of myeloid-derived suppressor cells 
(MDSCs), or stimulating PD-L1 expression in cancer 
cells, which ultimately suppresses the tumor-killing func-
tions of CD8+ T cells and promotes tumor progression 
[8, 9]. Recently, a DKK1 neutralizing antibody showed 
a marked clinical benefit to patients whose tumors 

overexpress DKK1, suggesting that DKK1 is an ideal tar-
get for cancer immunotherapy [10]. Interestingly, DKK1 
was reported to be positively correlated with the develop-
ment of pain in patients with temporomandibular oste-
oarthritis or Gaucher disease, implying that DKK1 may 
play an important role in the development of pain [11]. 
In this study, we aimed to investigate whether targeting 
DKK1 may enhance the antitumor activity of paclitaxel 
and alleviate chemotherapy-induced neuropathic pain in 
breast cancer.

Results
Paclitaxel can promote DKK1 expression in breast cancer
To identify whether DKK1 is a potential target to 
enhance sensitivity to paclitaxel in breast cancer, we first 
examined DKK1 expression in 11 human breast can-
cer tissues before and after neoadjuvant chemotherapy, 
including paclitaxel. The results of the IHC assay showed 
that DKK1 expression was significantly upregulated in 
breast cancer tissues after paclitaxel-based chemotherapy 
(Fig.  1A). Because these breast cancer patients received 
other drug therapies in addition to paclitaxel, we then 
established a mouse xenograft model using 4T1 mouse 
breast cancer cells to examine the effects of paclitaxel 
alone on tumor growth and DKK1 expression. As the 
results showed, although tumor growth was delayed in 
the mice treated with paclitaxel (8 mg/kg) every other day 
for 2 weeks (Fig. 1B), paclitaxel promoted the expression 
of DKK1 mRNA and protein in the tumors (Fig. 1C, D). 
As DKK1 is a secretory glycoprotein, we measured DKK1 
levels in the serum from vehicle (CREMO)- and pacli-
taxel-treated tumor-bearing mice. The results showed 
that PTX treatment significantly increased serum DKK1 
levels (Fig. 1E).

Considering that the 4T1 breast carcinoma model is tri-
ple-negative breast cancer (TNBC), we next used a lumi-
nal B breast cancer model, MMTV-PyMT mice bearing 
spontaneous breast tumors, to investigate the effects 
of paclitaxel on tumor growth and DKK1 expression. 

Fig. 1  Paclitaxel promoted tumoral DKK1 expression in vitro and in vivo. A IHC staining of DKK1 in breast cancer tissues before and after 
neoadjuvant chemotherapy including paclitaxel. **p < 0.01, a two-tailed unpaired t test, n = 11. Scale bar, 50 µm. B Effects of paclitaxel on tumor 
growth in a mouse xenograft model. **p < 0.01, a two-tailed unpaired t test, n = 8. C, D Effects of paclitaxel on DKK1 mRNA and protein expression 
in xenograft tumors. C Real-time analysis of DKK1 mRNA expression; D Western blot of DKK1 protein expression. **p < 0.01, a two-tailed unpaired t 
test, n = 5. F Effects of paclitaxel on mechanical allodynia (Left) and thermal hyperalgesia (right) of xenograft mice. **p < 0.01, ***p < 0.001, two-way 
ANOVA, n = 8. G Transmission electron micrographs of the sciatic nerves and quantification of the G-ratio in mouse sciatic nerves. *p < 0.05, 
a two-tailed unpaired t test, n = 4. H Immunofluorescence staining of PGP9.5 in the mouse hind paw intraplantar skin and quantification analysis 
of intraepidermal nerve fibers (IENF). *p < 0.05, a two-tailed unpaired t test, n = 4. I Western blot of PGP9.5 in the mouse hind paw intraplantar skin 
from control or paclitaxel-treated xenograft mice. ***p < 0.001, a two-tailed unpaired t test, n = 5. J, K Effects of paclitaxel on the expression of DKK1 
mRNA (J) and protein (K) expression in L4-L5 DRGs from xenograft mice. ***p < 0.001, a two-tailed unpaired t test, n = 5. L IHC staining of DKK1 
expression in L4-L5 DRGs from xenograft mice treated with vehicle (Ctrl) or paclitaxel (PTX). ***p < 0.001, a two-tailed unpaired t test, n = 8. M 
Analysis of DKK1 mRNA expression in L4-L5 DRG neurons in paclitaxel-treated xenograft mice by FISH combined with immunofluorescence, n = 3

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Similarly, paclitaxel treatment for 2 weeks significantly 
suppressed tumor growth and promoted tumoral DKK1 
expression in the PyMT spontaneous model (Figure S1A-
D). ELISA showed that serum DKK1 levels were also 
increased in paclitaxel-treated PyMT mice (Figure S1E).

To determine whether paclitaxel induced DKK1 
expression in breast cancer cells, we incubated four dis-
tinct breast cancer cell lines, namely, MCF-7 (ER+, PR+, 
HER2−), BT-474 (ER+, PR+, HER2+), MDA-MB-231 
(ER−, PR−, HER2−) and SKBR3 (ER−, PR−, HER2+) cells, 
with 200  nM paclitaxel. As expected, the mRNA and 
protein expression of DKK1 was increased in these pacli-
taxel-treated breast cancer cells (Figure S1F, G). By meas-
uring DKK1 levels in cell culture medium, we also found 
that paclitaxel could promote the secretion of DKK1 
from breast cancer cells (Figure S1H). Our results suggest 
that paclitaxel can promote DKK1 expression in different 
subtypes of breast cancer cells.

DKK1 is a potential target to enhance sensitivity 
to paclitaxel in breast cancer
To investigate whether paclitaxel-induced DKK1 over-
expression could attenuate chemotherapeutic efficacy by 
inhibiting the infiltration and function of CD8+ T cells in 
breast cancer, we first established stable DKK1-overex-
pressing and DKK1-knockdown 4T1 cells. The construc-
tion efficiency was confirmed by Western blotting (Figure 
S2A). Then, we injected DKK1-overexpressing 4T1 cells 
subcutaneously into BALB/c mice and found that DKK1 
significantly promoted tumor growth (Figure S2B). Using 
flow cytometry, we confirmed that both the infiltration 
and activity (GZMB+) of CD8+ T cells were dramatically 
reduced in DKK1-overexpressing tumors (Figure S2C-E).

Subsequently, we established a mouse xenograft model 
using stably DKK1-knockdown or vector-transfected 4T1 
cells. After 1 week, the tumor-bearing mice were injected 
intraperitoneally with paclitaxel (8  mg/kg) or vehicle 
every other day for 2  weeks. The results showed that 
knockdown of DKK1 significantly enhanced the anti-
tumor growth activity of paclitaxel in vivo (Figure S2F). 
Moreover, flow cytometry assays suggested that DKK1 
knockdown greatly increased the infiltration and activ-
ity of CD8+ T cells in paclitaxel-treated xenograft tumors 
(Figure S2G-I). These results indicate that DKK1 is a 
potential immunotherapeutic target to enhance sensitiv-
ity to paclitaxel in breast cancer.

EGFR signaling participates in paclitaxel‑induced DKK1 
upregulation in breast cancer
We have demonstrated that the activation of EGFR pro-
motes DKK1 expression through parallel MEK-ERK and 
PI3K-Akt signaling pathways in hepatocellular carci-
noma [12]. Hence, we hypothesized that EGFR signaling 

participates in the paclitaxel-induced upregulation of 
DKK1 in breast cancer. To test our hypothesis, we first 
analyzed EGFR expression in 11 human breast can-
cer specimens before and after neoadjuvant chemo-
therapy. IHC staining of tumor tissues showed that 
paclitaxel-based chemotherapy dramatically enhanced 
EGFR expression in breast cancer (Figure S3A). Next, 
we determined the effects of paclitaxel on EGFR expres-
sion in tumors from xenograft mice and MMTV-PyMT 
mice. IHC staining and Western blot assays suggested 
that paclitaxel treatment significantly promoted EGFR 
expression in the tumors (Figure S3B-E). By stimulating 
MCF-7 and MDA-MB-231 cells with 200 nM paclitaxel, 
we found that paclitaxel could promote EGFR protein 
expression in these cells (Figure S3F).

Subsequently, we assessed the effects of exogenous 
EGFR on DKK1 mRNA and protein levels in breast can-
cer cells. The results showed that ectopic expression 
of EGFR markedly promoted DKK1 mRNA and pro-
tein expression in MCF-7 and MDA-MB-231 cells (Fig-
ure S3G, H). Moreover, we evaluated the effects of the 
EGFR tyrosine kinase inhibitor AG1478, the Akt inhibi-
tor MK2206, and the MEK inhibitor PD98059 on pacli-
taxel-induced expression of DKK1 in breast cancer cells. 
As expected, when breast cancer cells were pretreated 
with AG1478 (20  µM), MK2206 (10  µM), or PD98059 
(20 µM) for 10 min followed by coincubation with pacli-
taxel (200 nM) for 24 h, the paclitaxel-induced increase 
in DKK1 mRNA and protein expression could be dra-
matically blocked by each of these inhibitors (Figure S3I-
L). Together, these results suggested that paclitaxel could 
promote DKK1 expression by activating the EGFR signal-
ing pathway in breast cancer cells.

DKK1 contributes to paclitaxel‑induced peripheral 
neuropathy
Paclitaxel-induced peripheral neuropathy seriously affects 
patient quality of life [13]. Consistent with previous 
reports [5, 13], our results showed that paclitaxel treat-
ment could produce mechanical allodynia and thermal 
hyperalgesia in xenograft tumor-bearing mice (Fig.  1F). 
Furthermore, paclitaxel caused myelin damage in the 
sciatic nerves of tumor-bearing mice (Fig. 1G). To assess 
myelination integrity in sciatic nerves, we calculated 
the G-ratios of myelinated fibers and found that pacli-
taxel treatment markedly reduced this (Fig.  1G). Next, 
we examined the expression of the general nerve marker 
PGP9.5 in hindpaw skin. Through immunofluorescence 
and Western blot, we observed that paclitaxel signifi-
cantly inhibited the expression of PGP9.5 in the intra-
plantar epidermis (Fig.  1H, I), indicating that paclitaxel 
caused the loss of intraepidermal nerve fibers.
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Peripheral sensory neurons in dorsal root ganglia 
(DRG) are highly susceptible to paclitaxel accumula-
tion owing to the devoid of the blood–brain barrier 
[14]. Therefore, we first measured DKK1 expression in 
the dorsal root ganglia (DRGs) of tumor-bearing mice. 
As the results showed, paclitaxel treatment dramatically 
promoted DKK1 mRNA and protein expression in L4-L5 
DRGs (Fig.  1J-L). Through FISH combined with immu-
nofluorescence, we found that DKK1 mRNA was univer-
sally colocalized with NF200-, IB4- and CGRP-positive 
DRG neurons in paclitaxel-treated tumor-bearing mice 
(Fig. 1M).

To investigate whether DKK1 was involved in pacli-
taxel-induced peripheral neuropathy, we virally expressed 
DKK1 in the DRGs and examined whether DKK1 over-
expression could induce peripheral neuropathy in nor-
mal mice (Figure S4A). As expected, the expression of 
exogenous DKK1 triggered a significant decrease in both 
the mechanical withdrawal threshold and thermal with-
drawal latency (Figure S4B). Moreover, we also observed 
that DKK1 overexpression in the DRGs caused myelin 
damage, a decline in the G-ratio of sciatic nerves, and the 
loss of intraepidermal nerve fibers in normal mice (Figure 
S4C-E). Then, we intrathecally injected lentivirus-loaded 
DKK1 shRNA to knock down DKK1 in L4-L5 DRGs in 
normal mice. One week later, these mice were treated 
with paclitaxel (8  mg/kg) or vehicle every other day for 
2  weeks (Figure S4F). The results showed that knock-
down of DKK1 almost completely blocked paclitaxel-
induced mechanical allodynia and thermal hyperalgesia 
(Figure S4G). In addition, DKK1 depletion attenuated 
paclitaxel-induced myelin damage in the sciatic nerve 
and loss of cutaneous innervation (Figure S4H-K).

EGFR signaling is involved in paclitaxel‑induced DKK1 
upregulation in DRGs
To investigate whether EGFR signaling was involved in 
paclitaxel-mediated upregulation of DKK1 in DRGs, we 
first examined the distribution of EGFR in DRG neu-
rons. Immunofluorescence staining showed that EGFR 
was widely expressed in NF200-, IB4- and CGRP-positive 
DRG neurons in paclitaxel-treated tumor-bearing mice 
(Figure S5A). Then, we assessed the effects of paclitaxel 
on EGFR signaling in the DRGs. Through Western blot 
and IHC staining, we found that paclitaxel treatment can 
promote the expression of EGFR protein in the DRGs in 
xenograft tumor-bearing mice (Figure S5B, C). Pretreat-
ment with the EGFR inhibitor AG1478 blocked pacli-
taxel-induced upregulation of DKK1 mRNA and protein 
in DRGs in tumor-bearing mice (Figure S5D-F). Fur-
thermore, AG1478 treatment could attenuate paclitaxel-
induced neuropathic pain, myelin damage in the sciatic 
nerve, and loss of cutaneous innervation (Figure S5E-G). 

Similarly, AKT inhibitor MK2206 and MEK inhibitor 
PD98059 also blocked paclitaxel-induced upregula-
tion of DKK1 expression in DRGs and nerve injury in 
tumor-bearing mice (Figure S6). Together, these results 
suggested that EGFR signaling contributed to paclitaxel-
induced nerve injury and DKK1 upregulation in DRGs in 
tumor-bearing mice.

Anti‑DKK1 antibody enhances the antitumor efficacy 
of paclitaxel and alleviates paclitaxel‑induced peripheral 
neuropathy in vivo
Multiple DKK1-neutralizing antibodies have shown 
promising benefits in patients whose tumors overexpress 
DKK1 in clinical trials [15]. Therefore, we first asked 
whether the addition of an anti-DKK1 antibody would 
enhance the antitumor activity of paclitaxel in breast 
cancer. To test this hypothesis, an anti-DKK1 antibody 
and/or pacliatxel was intraperitoneally administered to 
4T1 xenograft mice and MMTV-PyMT mice bearing 
spontaneous breast tumors. As expected, tumor growth 
in the paclitaxel combined with anti-DKK1 antibody 
group was dramatically decreased compared to that in 
the paclitaxel group (Fig.  2A, B). Using flow cytometry, 
we confirmed a substantial increase in the infiltration and 
activity (GZMB+) of CD8+ T cells in the paclitaxel com-
bined with anti-DKK1 antibody group compared to the 
paclitaxel group in xenografted tumors (Fig. 2C-E).

Subsequently, we wondered whether the anti-DKK1 
antibody could attenuate paclitaxel-induced nerve injury 
and neuropathic pain. The behavioral test revealed 
that the anti-DKK1 antibody significantly attenuated 
paclitaxel-induced mechanical allodynia and thermal 
hypoesthesia in 4T1-xenograft mice (Fig.  2F). By exam-
ining the ultrastructure of sciatic nerves, we found that 
the anti-DKK1 antibody dramatically alleviated pacli-
taxel-induced myelin damage in 4T1-xenograft mice 
(Fig. 2G). Additionally, Western blot analysis of hindpaw 
skins showed that the anti-DKK1 antibody could reverse 
paclitaxel-induced downregulation of PGP9.5 expres-
sion in 4T1-xenograft mice (Fig.  2H), implying that the 
anti-DKK1 antibody ameliorated the decreases in skin 
innervation caused by paclitaxel. Together, these find-
ings demonstrated that the severity of paclitaxel-induced 
peripheral neuropathy could be improved by anti-DKK1 
antibody in vivo.

Conclusion
Our study provides the first evidence that paclitaxel pro-
motes DKK1 expression through the activation of EGFR 
signaling in breast cancer cells and DRG neurons. On the 
one hand, the upregulation of DKK1 in breast cancer cells 
could hinder the therapeutic efficacy of paclitaxel by sup-
pressing the infiltration and activity of CD8+ T cells. On 
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Fig. 2  The DKK1 antibody enhanced the  antitumor activity of  paclitaxel and  attenuated chemotherapy-induced peripheral neuropathy. A, B Effects 
of DKK1 antibody on the antitumor activity of paclitaxel in xenograft mice (A) and MMTV-PyMT mice (B). **p < 0.01, ***p < 0.001, one-way ANOVA, n = 6/8. 
C-E) Flow cytometry of CD3+ (C), CD8+ (D), and GZMB+CD8+ (E) CD45+ cells in xenograft mice treated with vehicle, PTX, PTX plus DKK1 antibody, or DKK1 
antibody. *p < 0.05, **p < 0.01, one-way ANOVA, n = 4. F Effects of  the  DKK1 antibody on  paclitaxel-induced mechanical allodynia (left) and  thermal 
hyperalgesia (right) in xenograft mice. **p < 0.01, ***p < 0.001 compared with control group; ##p < 0.01, ###p < 0.001 compared with PTX group; two-way 
ANOVA, n = 8. G Transmission electron micrographs of the sciatic nerves and quantification of the G-ratio in mouse sciatic nerves from xenograft mice 
treated with  vehicle, PTX, PTX plus  DKK1 antibody, or  DKK1 antibody. **p < 0.01, one-way ANOVA, n = 3. H Western blot of  PGP9.5 in  the  hind paw 
intraplantar skin from xenograft mice treated with vehicle, PTX, PTX plus DKK1 antibody, or DKK1 antibody. ***p < 0.001, one-way ANOVA, n = 4
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the other hand, the upregulation of DKK1 in DRG neurons 
contributes to paclitaxel-induced peripheral neurotoxicity. 
More importantly, the addition of an anti-DKK1 antibody 
not only enhances the therapeutic efficacy of paclitaxel 
in two murine subtype models of breast cancer but also 
attenuates paclitaxel-induced peripheral neurotoxicity.  
Taken together, our study suggested that paclitaxel in com-
bination with DKK1 may be a potential chemoimmuno-
therapy strategy with low neurotoxicity that can benefit 
multiple subtypes of breast cancer patients.
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