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Abstract

Hepatocellular carcinoma (HCC) is the most prevalent malignant liver neoplasm.
Despite the advances in diagnosis and treatment, the prognosis of HCC patients re-
mains poor. Cytoskeleton-associated membrane protein 4 (CKAP4) is a receptor of
the glycosylated secretory protein Dickkopf-1 (DKK1), and the DKK1-CKAP4 axis is
activated in pancreatic, lung, and esophageal cancer cells. Expression of DKK1 and
CKAP4 has been examined in HCC in independent studies that yielded contradictory
results. In this study, the relationship between the DKK1-CKAP4 axis and HCC was
comprehensively examined. In 412 HCC cases, patients whose tumors were positive
for both DKK1 and CKAP4 had a poor prognosis compared to those who were posi-
tive for only one of these markers or negative for both. Deletion of either DKK1 or
CKAP4 inhibited HCC cell growth. In contrast to WT DKK1, DKK1 lacking the CKAP4
binding region did not rescue the phenotypes caused by DKK1 depletion, suggesting
that binding of DKK1 to CKAP4 is required for HCC cell proliferation. Anti-CKAP4
Ab inhibited HCC growth, and its antitumor effect was clearly enhanced when com-
bined with lenvatinib, a multikinase inhibitor. These results indicate that simultaneous
expression of DKK1 and CKAP4 is involved in the aggressiveness of HCC, and that
the combination of anti-CKAP4 Ab and other therapeutics including lenvatinib could
represent a promising strategy for treating advanced HCC.
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1 | INTRODUCTION

Hepatocellular carcinoma is the fifth most common type of cancer
worldwide and the third leading cause of cancer-related death.!
Hepatocellular carcinoma usually results from the progressive ac-
cumulation of genetic and epigenetic alterations that are associ-
ated with various etiologies, including hepatitis B and C, alcohol
consumption, and obesity, and is a complex multistep biological
process.?® Recent advances in our understanding of the molecular
pathology of HCC have led to patients being treated with novel ther-
apeutic options combined with modern surgical resections, includ-
ing ultrasonography-guided puncture, per-catheter intervention,
and molecular-targeted chemotherapy.*®

For a long time, sorafenib monotherapy was the only treatment
strategy for advanced HCC with extrahepatic disease,®” but it im-
proved overall survival of patients by only a few months and often
severe adverse effects were observed.®? Recently, novel therapies
including atezolizumab plus bevacizumab and lenvatinib improved
clinical outcome of unresectable HCC cases.!® However, their effi-
cacy is still limited,** and a variety of side-effects sometimes prevent
adequate treatment, so novel therapeutic agents in combination
with these drugs to enhance antitumor effects are required.

Dickkopf-1 is a secretory antagonist of the Wnt signaling path-
way.u'13 There are conflicting reports on the effects of DKK1 on tu-
morigenesis regarding its oncogenic or tumor suppressive activities;
these opposing effects might depend on the cell type and underly-
ing genetic components.’>* It is likely that DKK1 acts as a proto-
oncogene in HCC, except for a few examples (e.g., M-H7402 and
PLC/PRF/5 cells).*>*¢ Indeed, DKK1 is highly expressed in HCC and
involved in HCC aggressiveness.'”"Y Thus, it represents a promising
biomarker and molecular target for HCC. However, the mechanism
of action of DKK1 in HCC and its intervention approach have not
been established.

Cytoskeleton-associated protein 4 (also known as CLIMP-63
and ERGIC-63) was originally identified as a type Il transmembrane
protein primarily located in the ER involved in its structural mainte-
nance.?°"2% |t was reported that CKAP4 is localized to the plasma
membrane and functions as a receptor for DKK1.%* Dickkopf-1 acti-
vates the PIBK-AKT pathway by binding CKAP4, thereby stimulating
cell proliferation.’®?* Simultaneous expression of DKK1 and CKAP4
is associated with poor prognosis in pancreatic, lung, and esophageal
cancer.?*"?? Anti-CKAP4 Ab inhibited tumor formation in xenograft
models of these cancers.®° Thus, CKAP4 could represent a molecu-
lar target for treating these cancers. Dataset analysis suggested that

CKAP4 mRNA is upregulated in HCC tumors compared to normal
adjacent tissues, and its expression levels are associated with poor
clinical prognosis.3! However, reports contradicting these findings
have been published. For example, HCC patients with high CKAP4
expression had favorable overall survival and longer disease-free
survival than those with low expression.32 High CKAP4 expression
in HCC cells was associated with low proliferation and invasion po-
tential through the inhibition of epidermal growth factor receptor
signaling.®®

To understand the relationship between the DKK1-CKAP4 axis
and HCC, it is necessary to examine the expression and function of
both proteins in HCC. In this study, we comprehensively evaluated
the DKK1 and CKAP4 expression levels in 412 HCC patients and
found that those positive for both DKK1 and CKAP4 had a worse
prognosis than those expressing only one of the markers or neither
marker. In addition, we showed that both DKK1 and CKAP4 were
required for the proliferation of DKK1-overexpressing HCC cells
where CKAP4 was localized to the plasma membrane. The combina-
tion of an anti-CKAP4 Ab and lenvatinib showed additive inhibition
of AKT signaling and antitumor effects. Thus, the simultaneous ex-
pression of DKK1 and CKAP4, a ligand and a receptor, plays a critical
role in cancer aggressiveness, and CKAP4 represents a new thera-
peutic target for HCC therapy.

2 | MATERIALS AND METHODS

2.1 | Patients and cancer tissues

Hepatocellular carcinoma patients (n = 412) who underwent surgery
at Kobe University Hospital from January 2000 to December 2016
were examined in this study. Informed consent was obtained from
all participants. Patients with distant metastases were excluded.
Tumors were staged according to the UICC TNM staging system,
8th edition. Resected specimens were macroscopically examined to
determine the location and size of tumors. Histological specimens
were fixed in 10% (v/v) formalin and embedded in paraffin.

2.2 | Dickkopf-1 and CKAP4 immunohistochemical
staining in HCC tissues

Tissue microarrays of formalin-fixed, paraffin-embedded tumor
tissue were constructed for immunohistochemistry. Three tissue
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cores (2mm in diameter) were randomly taken from each case.
Immunostaining was performed on a Ventana Benchmark XT
(Ventana Medical Systems, Inc.), according to the manufacturer's
protocols. Deparaffinized sections were heat-treated and incu-
bated with aprimary Ab for DKK1 or CKAP4. Immunohistochemical
staining was carried out as described previously.?*3* Tumors were
considered DKK1- or CKAP4-positive when the stained area was
220% of the total tumor lesion. The cut-off was determined so
that the cases positive for DKK1 and CKAP4 are most significantly
divided from other cases (the cases positive for either DKK1 or
CKAP4 and the cases negative for both) in respect of overall sur-
vival after operation. Three investigators assessed the sections
independently in a blinded fashion. Although it is hard to detect
DKK1 or CKAP4 localization on the plasma membrane immuno-
histochemically, ELISA is available to detect those released from

cancer cells.?”

2.3 | Tumor formation assay in vivo

The xenograft tumor formation assay was undertaken as previ-

d?+3435 with modification. BALB/cAJcl-nu/nu mice

ously describe
(8-week-old male nude mice; CLEA Japan) were inoculated subcuta-
neously in the dorsal flank with Hep3B, Hep3B/shDKK1, or Hep3B/
SshCKAP4 cells (5 x 10° cells) resuspended in 150 pl Matrigel.

To examine the antitumor effects of the anti-CKAP4 mAb, len-
vatinib, or their combination, the mice were randomly divided into
two or four groups 2days after inoculation. Anti-CKAP4 Ab or IgG
(250pg) was administered intravenously three times per week.
Lenvatinib (1 mg/kg) was administered orally six times per week.
Tumors that were not viable at 19 days after inoculation were ex-
cluded from further experiments. The mice were killed 21-28days
after inoculation. Tumor volumes were calculated using the formula:
(major axis)x (minor axis) x (minor axis)x0.5.%¢ No blinding was used

for the animal experiments.

2.4 | Statistical analysis
Student's t-test or the Mann-Whitney U-test was used to determine
statistical differences between the means of two groups. Analysis
of variance with Dunnett's post-hoc test was used to compare the
means of three or more groups. The generalized Wilcoxon test was
used to determine statistical differences between survival curves;
p <0.05 was considered statistically significant. Statistical analysis
was carried out using GraphPad Prism 9 (GraphPad Software) or
JMP software (SAS Institute Inc.).

Multivariate analysis was undertaken using covariates with
p <0.1 in the univariate analysis, and covariates were excluded to
avoid multicollinearity. The UICC stage was considered as a co-
variate parameter of tumor factors, therefore it was excluded from
multivariate analysis. Lymph node metastasis was excluded from
multivariate analysis because of the small number of events.

= 2065
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The normalized dose-response curves of lenvatinib were an-
alyzed by nonlinear regression using GraphPad Prism 9. A four-
parameter logistic model was fitted to the dataset. Curves were
statistically compared using an extra sum-of-squares F test with
loglC,, as a parameter.

3 | RESULTS

3.1 | Simultaneous expression of DKK1 and
CKAP4 is associated with poor prognosis in HCC

A tissue microarray of 412 HCC cases was generated, and serial sec-
tions of each specimen were immunostained with anti-DKK1 and
anti-CKAP4 Abs. The stained areas were classified into four catego-
ries (<5%, 5%-20%, 20%-50%, and 50%-95%; Figure 1A), and the
results were considered DKK1- or CKAP4-positive when the stained
area showed 220% of the total tumor lesion. There were 217 (52.7%)
DKK1-positive and 91 (22.1%) CKAP4-positive cases (Figure 1B),
whereas both proteins were minimally expressed in nontumor re-
gions. The 412 cases were classified into four groups based on the
DKK1 and CKAP4 staining profiles: 159 cases were (38.6%) negative
for both markers; 162 cases (39.3%) were positive for DKK1 only; 36
cases were (8.7%) positive for CKAP4 only; 55 cases (13.3%) were
positive for both DKK1 and CKAP4 (Figure 1B). Expression levels
of DKK1 and CKAP4 in HCC were further analyzed using cohorts
from the TCGA dataset. The mRNA levels of both genes were sig-
nificantly higher in the tumors compared to the nontumor regions
(Figure 1C). Furthermore, the TCGA datasets revealed a significant
positive correlation between DKK1 and CKAP4 mRNA expression in
HCC (Figure 1D).

Clinicopathological examination of the 412 HCC cases revealed
that the cases positive for both DKK1 and CKAP4 were significantly
associated with vascular invasion compared to the cases negative for
both or positive for either (Table 1). The cases positive for both were
significantly associated with advanced UICC stage (2111A) and extra-
hepatic recurrence, especially in the lung, compared to the cases
that were negative for both or positive for DKK1 only (Table 1). The
cases positive for both markers were also significantly associated
with multiple tumors (>2) and larger tumor size (=5 cm) compared
to the cases positive for DKK1 only (Table 1). Compared to cases
negative for both markers, those positive for CKAP4 only and those
positive for both were significantly associated with impaired liver
function (Child-Pugh class B; Tables 1 and S1).

Five-year overall survival was significantly reduced in patients
who were DKK1-positive or CKAP4-positive, and 5-year recurrence-
free survival was significantly reduced in patients who were CKAP4-
positive compared to their negative counterparts (Figure 1E,F).
Notably, patients who were positive for both DKK1 and CKAP4 had
significantly lower 5-year overall survival and disease-free survival
compared to those who were positive for either or negative for both
markers. There were no significant differences in 5-year overall sur-

vival or 5-year recurrence-free survival between patients positive
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FIGURE 1 Dickkopf-1(DKK1)and cytoskeleton-associated protein 4 (CKAP4) are expressed in hepatocellular carcinoma (HCC). (A)
Staining areas of DKK1 and CKAP4 in HCC tissues were classified into four categories (<5%, 5%-20%, 20%-50%, and 50%-95%) and the
percentages of categories are shown. (B) HCC tissue microarray (n = 412) was stained with anti-DKK1 or anti-CKAP4 Ab and hematoxylin.
Scale bar, 100 pm. The number of DKK1- and CKAP4-positive cases and the percentage of each subgroup are shown below. (C) In The
Cancer Genome Atlas (TCGA) dataset, DKK1 (left panel) and CKAP4 (right panel) expression levels in the HCC tumor lesions (n = 371) and
adjacent normal tissue (n = 50) were obtained from TIMER2.0. In the box plot, the median is represented by a black line, the 25th-75th

percentile by a box, and the 5th-95th percentile by the error bar. **

p<0.01 (Wilcoxon's test). (D) Scatter plot shows the correlation between

DKK1 (X-axis) and CKAP4 (Y-axis) mRNA expression obtained from the TCGA dataset (n = 371) using TIMER2.0. The solid blue line indicates
the linear fit; r indicates Spearman's r correlation coefficient, and e is the base of the natural logarithm. (E, F) Relationships between overall

survival (E) or recurrence-free survival (F) and DKK1 and CKAP4 expression in HCC patients were analyzed. The Gehan-Breslow-Wilcoxon
test was used for statistical analysis.
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TABLE 1 Relationships between simultaneous Dickkopf-1 (DKK1) and cytoskeleton-associated protein 4 (CKAP4) expression and

clinicopathological factors in hepatocellular carcinoma cases

DKK1+/ DKK1-/
CKAP4+ CKAP4-
Parameters (n = 55) (n =159)
General background
Age (years) 68 (41-80) 69 (34-88)
Sex (male/female) 47/8 134/25
Hepatitis virus infection 22/33 66/93
(non-B non-C/HB, HC)
Child-Pugh class (A/B) 50/5 158/1
Tumor factor
Tumor number (>2/1) 26/29 53/106
Tumor size (25 cm/<5 cm) 30/25 65/94
Histology (poor/well or 13/42 20/139
moderate)
Lymph node metastasis 2/53 1/158
(positive/negative)
Vascular invasion (positive/ 32/23 56/103
negative)
Capsular formation 45/10 137/21
(positive/negative)
Capsular invasion (positive/ 38/17 112/46
negative)
UICC stage (IIA-IVA/ IA-II) 26/29 40/119
Intrahepatic recurrence 33/22 83/76
(positive/negative)
Extrahepatic recurrence 14/41 14/145
(positive/negative)
Lymph node metastasis 2 2
Lung metastasis
Bone metastasis 4 4

DKK1+/ DKK1-/
CKAP4- CKAP4+
pvalue (n=162) p value (n = 36) p value
0.267 69 (33-87) 0.545 71 (50-80) 0.329
0.834 138/24 0.961 32/4 0.636
0.844 57/105 0.523 15/21 0.874
0.001 156/6 0.116 34/2 0.536
0.067 43/119 0.005 12/24 0.185
0.079 63/99 0.043 18/18 0.671
0.059 20/142 0.053 8/28 0.875
0.102 1/161 0.098 0/36 0.247
0.003 54/108 0.001 13/23 0.039
0.385 138/23 0.495 31/5 0.589
0.802 110/48 0.942 24/12 0.809
0.003 35/127 0.0004 12/24 0.185
0.316 89/73 0.512 16/20 0.145
0.003 12/150 0.001 6/30 0.316
0.294 3 0.446 2 0.662
0.012 <0.0001 3 0.268
0.133 6 0.275 1 0.358

Note: Continuous variables are expressed as medians with ranges. p values were calculated by comparing between double positive cases and each
other cases. p values <0.05 are statistically significant.

Abbreviations: HB, hepatitis B; HC, hepatitis C; non-B non-C, non-hepatitis B and non-hepatitis C.

only for DKK1 or CKAP4 and those who were negative for both
(Figure 1E,F).

The univariate analysis indicated that simultaneous expression
of DKK1 and CKAP4 was associated with inferior 5-year over-
all survival (hazard ratio = 3.39-4.64), tumor number=>2, tumor
size 25 cm, positive lymph node metastasis and vascular invasion,
and advanced UICC stage (2IlIA; Table 2). The multivariate anal-
ysis also indicated that the expression of both DKK1 and CKAP4
was an independent prognostic factor for 5-year overall survival,
in addition to age 260years, tumor number =2, tumor size 25 cm,
and vascular invasion (Table 3). Similar results were observed for
relapse-free survival (Tables 4 and 5). These analyses clearly indi-
cate that simultaneous expression of DKK1 and CKAP4 increases

HCC aggressiveness.

3.2 | Dickkopf-1 and CKAP4 are expressed in HCC
cells in a cell context manner

Expression levels of DKK1 and CKAP4 were examined in nine HCC
cell lines compared to S2-CP8 pancreatic cancer cells that have high
expression levels of both proteins (Figure 2A). The DKK1 expression
levels were variable, with the strongest expression in Hep3B and
SNU449 cells followed by JHH7 and HuH-7 cells and lower expres-
sion in HLE, HLF, JHH4, JHH6, and SNU387 cells.

Higher CKAP4 protein levels were observed in the total cell
lysates from Hep3B, HuH-7, JHH7, HLF, and SNU387 cells than in
other HCC cells (Figure 2A, CKAP4 (total)). Because CKAP4 primar-
ily localizes to the ER and partly to the plasma membrane, its cell

surface expression levels were evaluated. Localization of CKAP4
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TABLE 2 Univariate analysis of 5-

Parameters Number HR 95% ClI p value .
year overall survival of hepatocellular
General background carcinoma cases by Cox proportional
Age (260years/<60years) 351/61 1.57 0.99-2.48 0.055 hazards model
Sex (male/female) 351/61 0.75 0.50-1.13 0.172
Hepatitis virus infection (HB, 160/252 1.11 0.80-1.52 0.542
HC/non-B non-C)
Child-Pugh classification 14/398 1.39 0.65-2.96 0.397
(B/A)
Tumor factor
Tumor number (>2/1) 134/278 2.24 1.65-3.04 <0.0001
Tumor size (25 cm/<5 cm) 176/236 1.97 1.45-2.67 <0.0001
Histology (poor/well or 61/351 1.23 0.81-1.85 0.329
moderate)
Lymph node metastasis 4/408 10.41 3.76-28.79 <0.0001
(positive/negative)
Vascular invasion (positive/ 155/257 2.24 1.65-3.03 <0.0001
negative)
Capsular formation (positive/  351/59 0.85 0.56-1.28 0.430
negative)
Capsular invasion (positive/ 284/123 1.02 0.73-1.43 0.893
negative)
UICC stage (IIIA-IVA/IA-I11) 113/299 2.51 1.84-3.44 <0.0001
DKK1/CKAP4 expression
DKK1+/CKAP4+ vs. 55/159 3.39 2.21-5.20 <0.0001
DKK1 -CKAP4-
DKK1+/CKAP4+ vs. 55/162 3.94 2.54-6.11 <0.0001
DKK1+ CKAP4-
DKK1+/CKAP4+ vs. 55/36 4.64 2.29-9.40 <0.0001

DKK1-CKAP4+

Note: p values <0.05 are statistically significant.

Abbreviations: Cl, confidence interval; CKAP4, cytoskeleton-associated protein 4; DKK1,
Dickkopf-1; HB, hepatitis B; HC, hepatitis C; HCC, hepatocellular carcinoma; non-B non-C,

non-hepatitis B and non-hepatitis C; HR, hazard ratio.

to the plasma membrane was clearly detected in Hep3B, HuH-7,
JHH7, HLF, and SNU387 cells, depending on total expression level
(Figure 2A, CKAP4 (membrane)). The DKK1 and CKAP4 mRNA levels
in these HCC cell lines were almost comparable to their protein lev-
els in the total cell lysates (Figure S1A). Therefore, Hep3B and JHH7
cells were used in subsequent experiments to represent HCC cells
with DKK1-positive and cell surface CKAP4 expression.

3.3 | DKK1-CKAP4 axis promotes HCC cell
proliferation

Knockdown of DKK1 by two different siRNA in Hep3B cells re-
sulted in the inhibition of AKT activity and colony formation in vitro
(Figure 2B,C). Colony formation was restored by ectopically ex-
pressed WT DKK1 but not by DKK1ACRD1, which lacks the CRD1
of DKK1 and does not bind to CKAP4%* (Figure 2D,E). These results
suggested that the phenotype induced by DKK1 knockdown is not

an off-target siRNA effect and that binding of DKK1 to CKAP4 is
required for HCC proliferation. Depletion of CKAP4 by two differ-
ent CKAP4 siRNA inhibited AKT activity in Hep3B cells and colony
formation, which could be restored by exogenous CKAP4 expres-
sion (Figure 2F-I). Similar results were observed with JHH7 cells
(Figure S1B-1), which further confirmed that the DKK1-CKAP4 axis
is active in HCC cells.

The role of DKK1 and CKAP4 expression in tumorigenesis in
vivo was investigated by subcutaneous injection of Hep3B cells
into the dorsal flank of immunodeficient mice. The size of the xe-
nografts derived from Hep3B cells stably expressing two different
DKK1 shRNAs was less than that of Hep3B tumors expressing
control shRNA (Figure 3A,B). Hep3B cell-induced xenograft tumor
formation was also inhibited by CKAP4 knockdown and rescued by
CKAP4 expression (Figure 3C,D). These results indicated that ex-
pression of both DKK1 and CKAP4 is required for tumor formation
in vivo and suggested that CKAP4 is a potential molecular target for
HCC therapy.
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TABLE 3 Multivariate analysis of
5-year overall survival of hepatocellular
carcinoma cases by Cox proportional
hazards model

TABLE 4 Univariate analysis of 5-year
relapse-free survival of hepatocellular
carcinoma cases by Cox proportional
hazards model

= 2069
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Parameters Number HR 95% Cl p value

General background

Age (260years/<60years) 351/61 2.35 1.33-4.17 0.003
Tumor factor
Tumor number (>2/1) 134/278 1.97 1.42-2.73 <0.0001
Tumor size (25 cm/<5 cm) 176/236 1.68 1.18-2.38 0.004
Vascular invasion (positive/ 155/257 1.69 1.18-2.40 0.004
negative)
DKK1/CKAP4 expression
DKK1+/CKAP4+ vs. 55/159 2.89 1.87-4.48 <0.0001
DKK1-CKAP4-
DKK1+/CKAP4+ vs. 55/162 3.31 2.11-5.17 <0.0001
DKK1 +CKAP4-
DKK1+/CKAP4+ vs. 55/36 419 2.06-8.54 <0.0001

DKK1-CKAP4+

Abbreviations: Cl, confidence interval; CKAP4, cytoskeleton-associated protein 4; DKK1,
Dickkopf-1; HB, hepatitis B; HC, hepatitis C; HCC, hepatocellular carcinoma; non-B non-C,
non-hepatitis B and non-hepatitis C; HR, hazard ratio.

Parameters Number HR 95% CI p value

General background

Age (260years/<60years) 351/61 1.42 0.96-2.09 0.0660

Sex (male/female) 351/61 0.74 0.53-1.03 0.0860

Hepatitis virus infection (HB, 160/252 1.25 0.95-1.63 0.1010
HC/non-B non-C)

Child-Pugh classification (B/A) 14/398 1.51 0.80-2.85 0.2300

Tumor factor

Tumor number (>2/1) 134/278 2.48 1.91-3.23 <0.0001

Tumor size (25 cm/<5 cm) 176/236 1.79 1.39-2.31 <0.0001

Histology (poor/well or 61/351 1.26 0.89-1.78 0.2060
moderate)

Lymph node metastasis 4/408 4.60 1.46-14.48 0.0360
(positive/negative)

Vascular invasion (positive/ 155/257 1.96 1.52-2.54 <0.0001
negative)

Capsular formation (positive/ 351/59 1.04 0.72-1.51 0.8410
negative)

Capsular invasion (positive/ 284/123 1.41 1.06-1.89 0.0170
negative)

UICC stage (IIIA-IVA/IA-II) 113/299 2.32 1.77-3.04 <0.0001

DKK1/CKAP4 expression

DKK1+/CKAP4+ vs. 55/159 2.58 1.78-3.73 <0.0001
DKK1-CKAP4-

DKK1+/CKAP4+ vs. 55/162 2.76 1.91-4.00 <0.0001
DKK1 +CKAP4-

DKK1+/CKAP4+ vs. 55/36 4.02 2.25-7.18 <0.0001

DKK1-CKAP4+

Note: p values <0.05 are statistically significant.

Abbreviations: Cl, confidence interval; CKAP4, cytoskeleton-associated protein 4; DKK1,
Dickkopf-1; HB, hepatitis B; HC, hepatitis C; non-B non-C, non-hepatitis B and non-hepatitis C; HR,
hazard ratio.
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3.4 | Depletion of CKAP4 in HCC cells enhances
antitumor activity of lenvatinib

Lenvatinib is a multikinase inhibitor that is widely used in clinical
practice for advanced HCC cases.”*” Lenvatinib exerts its antitu-
mor effect by suppressing the activation of AKT and ERK down-
stream of multiple RTKs.38%7 In contrast, CKAP4 induces activation
of AKT and regulates cell proliferation independently of RTKs.?
Therefore, the combined effects of CKAP4 depletion and lenvatinib,
which have a common point of action, AKT, through different path-
ways, were evaluated. Lenvatinib inhibited 2D cell proliferation of
Hep3B cells in a concentration-dependent manner. Knockdown of

CKAP4 also inhibited 2D cell proliferation, and the addition of len-
vatinib showed further inhibition (Figure 4A, left panel). The dose-
dependent growth inhibition at each lenvatinib concentration in
CKAP4-deficient cells was significantly higher than in the control
siRNA-treated group (Figure 4A, right panel). Consistent with these
results, both CKAP4 knockdown and lenvatinib treatment inhib-
ited AKT activity in Hep3B cells, and their combination showed the
strongest inhibition (Figure 4B). Similar results were observed for
JHH7 cells (Figure 4C,D). Lenvatinib is known to inhibit ERK in HCC
cells.®® Indeed, this multiple RTK inhibitor suppressed ERK in Hep3B
and JHH7 cells (Figure 4E,F). Knockdown of CKAP4 also inhibited
ERK and enhanced the inhibitory activity by lenvatinib (Figure 4E,F).

TABLE 5 Multivariate analysis

Parameters Number HR 95% ClI p value .
of 5-year relapse-free survival of
General background hepatocellular carcinoma cases by Cox
Age (260years/<60years) 351/61 1.34 0.90-1.99 0.145 proportional hazards model
Sex (male/female) 351/61 0.64 0.45-0.90 0.011
Tumor factor
Tumor number (>2/1) 134/278 2.26 1.73-2.95 <0.0001
Tumor size (25 cm/<5 cm) 176/236 1.40 1.06-1.84 0.018
Vascular invasion (positive/ 155/257 1.51 1.14-2.00 0.004
negative)
Capsular invasion (positive/ 284/123 1.21 0.90-1.64 0.204
negative)
DKK1/CKAP4 expression
DKK1+/CKAP4+ vs. 55/159 2.61 1.78-3.79 <0.0001
DKK1-CKAP4-
DKK1+/CKAP4+ vs. 55/162 2.61 1.78-3.81 <0.0001
DKK1+CKAP4-
DKK1+/CKAP4+ vs. 55/36 417 2.32-7.49 <0.0001

DKK1-CKAP4+

Note: p values <0.05 are statistically significant.

Abbreviations: Cl, confidence interval; CKAP4, cytoskeleton-associated protein 4; DKK1,
Dickkopf-1; HB, hepatitis B; HC, hepatitis C; non-B non-C, non-hepatitis B and non-hepatitis C; HR,
hazard ratio.

FIGURE 2 Dickkopf-1 (DKK1) and cytoskeleton-associated protein 4 (CKAP4) are required for hepatocellular carcinoma (HCC) cell
proliferation. (A) Various HCC and S2-CP8 pancreatic cancer cells were biotinylated, and cell surface proteins were precipitated using
NeutrAvidin Agarose beads. Precipitates (membranes) were probed with an anti-CKAP4 Ab, and the cell lysates were probed with the
indicated Abs. Heat shock protein 90 (HSP90) was used as a loading control. (B) Lysates from Hep3B cells transfected with control siRNA
(siControl) or DKK1 siRNA #1 (siDKK1 #1) were probed with the indicated Abs. (C) Hep3B cells transfected with control or two independent
DKK1 siRNAs were cultured for 14 days. The areas of the colonies were measured. Microscopic images of representative colonies (top
panels) and colony areas (bottom panels) are shown. The areas of at least 50 colonies were measured for each condition, and the results

are expressed relative to the control condition. Data are presented as the mean+SE. **p <0.01 (ANOVA post-hoc test). (D) Hep3B cells
stably expressing WT DKK1 or DKK1ACRD1 (cysteine-rich domain 1) were transfected with control or DKK1 siRNA #2 and cultured for

14 days. **p<0.01 (Student's t-test). n.s., not significant. (E) Lysates from Hep3B cells and Hep3B cells stably expressing WT DKK1 or
DKK1ACRD1 and transfected with control or DKK1 siRNA #2 were probed with the indicated Abs. (F) Lysates from Hep3B cells transfected
with control or two independent CKAP4 siRNAs (siCKAP4) were probed with the indicated Abs. (G) Hep3B cells transfected with control

or two independent CKAP4 siRNAs were cultured for 14 days. The areas of the colonies were measured. **p <0.01 (ANOVA post-hoc test).
(H) Hep3B cells stably expressing CKAP4 and transfected with control or CKAP4 siRNA #2 were cultured for 14 days. n.s., not significant
(Student's t-test). (1) Lysates from Hep3B cells and Hep3B cells stably expressing CKAP4 transfected with control or CKAP4 siRNA #2 were
probed with the indicated Abs (top panels). Relative band intensities for pAKT/AKT are shown in arbitrary units (bottom panel). Scale bars,
1mm. Data are presented as the mean+SD. **p <0.01 (ANOVA post-hoc test). n.s., not significant
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Oral administration of lenvatinib to immunodeficient mice inocu-

lated with Hep3B cells in the dorsal flank inhibited in vivo tumor for-
mation as well as CKAP4 depletion (Figure 4G). Depletion of CKAP4

or lenvatinib treatment alone decreased tumor growth by approx-

imately 50%, and their combination caused approximately 75%
growth inhibition (Figure 4G). These results indicated that CKAP4
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FIGURE 3 Dickkopf-1 (DKK1) and cytoskeleton-associated protein 4 (CKAP4) are necessary for hepatocellular carcinoma tumor
formation in vivo. (A, B) Lysates from Hep3B cells stably expressing control or two independent DKK1 shRNAs were probed with

the indicated Abs (A). Hep3B cells stably expressing control (n = 8) or two independent DKK1 shRNAs (#1, n = 8; #2, n = 7) were
subcutaneously inoculated into immunodeficient mice (B). Tumor volumes are presented as the mean+SE, and tumor weights are plotted as
violin plots with median values indicated by the red lines and the interquartile ranges by the dotted lines. **p <0.01 (ANOVA post hoc test).
(C, D) Lysates from Hep3B cells stably expressing control shRNA, CKAP4 shRNA, or CKAP4 shRNA and CKAP4-HA were probed with the
indicated Abs (C). Hep3B cells stably expressing control shRNA (n = 9), CKAP4 shRNA (n = 7), or CKAP4 shRNA and CKAP4-HA (n = 6) were
subcutaneously inoculated into immunocompromised mice (D). Scale bars, 10mm. *p <0.05 (ANOVA post hoc test). n.s., not significant

FIGURE 4 Cytoskeleton-associated protein 4 (CKAP4) depletion in hepatocellular carcinoma cells enhances the antitumor activity of
lenvatinib. (A, C) Hep3B (A) and JHH7 (C) cells were transfected with control or two independent CKAP4 siRNAs and then subjected to

a 2D cell proliferation assay in the presence of the indicated concentration of lenvatinib (left panels). Results are expressed as arbitrary
units (siControl cells without lenvatinib treatment = 1). Data are presented as the mean+SD. Normalized dose-response curves of cell
proliferation analyzed by nonlinear regression model are shown. Each curve was statistically compared using loglC., as a parameter (right
panels). *p <0.05; **p <0.01 (ANOVA post hoc test). (B, D) Hep3B (B) and JHH7 (D) cells transfected with control or CKAP4 siRNA were
treated with vehicle or 1 uM lenvatinib for 12h. Cell lysates were probed with the indicated antibodies (top panels). Relative band intensities
for pAKT/AKT are shown in arbitrary units (bottom panel). **p <0.01 (ANOVA post-hoc test). (E, F) Hep3B (E) and JHH7 (F) cells transfected
with control or CKAP4 siRNA were treated with vehicle or 1 pM lenvatinib for 12 h. Cell lysates were probed with the indicated Abs (top
panels). Relative band intensities for pERK/ERK are shown in arbitrary units. (G) Mice were subcutaneously inoculated with Hep3B cells
stably expressing control or CKAP4 shRNA and treated daily with vehicle (control: n = 12, shCKAP4: n = 13) or 1 mg/kg of lenvatinib orally
(control, n = 10; shCKAP4, n = 11). Tumor development was observed for 28 days. Tumor volumes are shown as the mean +SE. Tumor
weights are plotted as violin plots. Scale bar, 10mm. *p <0.05; **p <0.01 (ANOVA post-hoc test)
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depletion and lenvatinib could suppress in vivo HCC tumor growth
through AKT or ERK inhibition and that their combination had addi-
tive antitumor effects.

3.5 | Combination of anti-CKAP4 Ab and lenvatinib
shows strong inhibition against HCC cell proliferation

Anti-CKAP4 mAb (3F11-2B10) was generated by immunizing CKAP4
KO mice with the recombinant extracellular domain of human CKAP4.
This Ab inhibits the binding of DKK1 to CKAP4 and suppresses tumor
formation in a pancreatic xenograft model.?” When intact Hep3B
cells were stained with the anti-CKAP4 Ab without permeabilization,
CKAP4 was detected on the plasma membrane (Figure 5A), indicating
that the Ab can recognize CKAP4 on the plasma membrane of HCC
cells. This Ab suppressed sphere formation by Hep3B cells in vitro, but
not JHHé cells, an HCC cell line negative for DKK1 and cell surface
CKAP4 expression (Figure 5B, see also Figure 2A). Based on the results
that CKAP4 depletion enhanced the antitumor effect of lenvatinib,
the combined effect of anti-CKAP4 Ab and lenvatinib was further
evaluated. Of note, the combination of anti-CKAP4 Ab and lenvatinib
strongly inhibited Hep3B sphere formation compared to each treat-
ment alone (Figure 5C).

Furthermore, to examine the antitumor effect of anti-CKAP4
Ab-lenvatinib combination therapy in a xenograft tumor model, mice
were intravenously treated with control IgG or anti-CKAP4 Ab three
times per week, and vehicle or lenvatinib was given orally six times
per week. Tumor development was followed for 21 days. Treatment
with anti-CKAP4 Ab or lenvatinib alone inhibited tumor growth
compared to the untreated control group (Figure 5D). Furthermore,
the combined treatment potently inhibited tumorigenesis compared
to the single agents (Figure 5D).

It was shown that lenvatinib inhibits angiogenesis in vitro and
in vivo.284% Human umbilical vascular endothelial cells expressed
DKK1 less than JHH7 or Hep3B cells, which was a low level simi-
lar to that of HuH-7 cells, and plasma membrane CKAP4 expression
in HUVECs was comparable to that of HuH-7 cells (Figure S2A,B),
suggesting that the DKK1-CKAP4 signal is not highly activated.
Consistently, anti-CKAP4 Ab did not significantly inhibit cell pro-
liferation of HUVECs under the conditions that lenvatinib did it.
In addition, the Ab did not affect the growth-inhibitory effect of
lenvatinib (Figure S2C). Therefore, DKK1-CKAP4 signaling is less
important in endothelial cells compared to cancer cells in an auto-
crine manner. Taken together, these results suggest that CKAP4 is
a molecular target for HCC expressing both DKK1 and CKAP4, and
the combination of anti-CKAP4 Ab and lenvatinib represents a new
strategy for HCC therapy.

4 | DISCUSSION

It has been reported that DKK1 is overexpressed in HCC and pro-
motes proliferation, migration, and invasion.*>*” Contradictory

results have been reported for the relationship between CKAP4
expression and prognosis.si'33 However, in these previous studies,
the CKAP4-positive cases must contain both DKK1-positive and
-negative cases because the HCC specimens were only stained with
an anti-CKAP4 Ab. In this study, we found that simultaneous expres-
sion of DKK1 and CKAP4 is associated with HCC aggressiveness and
poor prognosis compared to the expression of either alone, using tis-
sue microarray and clinicopathological data from 412 HCC patients.
Similar results have been observed for pancreatic, lung, and esopha-
geal cancer.?*"?° Therefore, immunohistochemical analyses of both
DKK1 and CKAP4 expression are necessary to evaluate the activa-
tion of the DKK1-CKAP4 axis in HCC.

Clinicopathological examination revealed that simultaneous ex-
pression of both DKK1 and CKAP4 is significantly associated with
various clinicopathological parameters. Because cases positive for
both DKK1 and CKAP4 showed frequent extrahepatic recurrence,
especially in the lung, they were more likely to be ineligible for sur-
gical resection, transcatheter arterial chemoembolization, radiofre-
quency ablation, or liver transplantation. There were no significant
differences between the cases positive for both DKK1 and CKAP4
and the cases positive for only CKAP4 for some clinicopathological
parameters. One possible explanation could be that there are other
sources of DKK1 in the tumor microenvironment, including stromal
tissues or blood cells.

Among the nine HCC cells, Hep3B and JHH7 cells highly ex-
pressed DKK1 and cell surface CKAP4. Depletion of either DKK1 or
CKAP4 from these cells inhibited cell growth in vitro and in vivo. The
CRD1 of DKK1 is required for the binding of DKK1 to CKAP4.%* The
results showing that DKK1ACRD1 could not rescue the phenotypes
induced by DKK1 depletion supports the idea that CKAP4 functions
as a DKK1 receptor to promote HCC cell proliferation.

Both FGF and FGFR are typically overexpressed in HCC, and in
particular, aberrant expression of FGF19/FGFR4 contributes to HCC
progression and ultimately activates downstream signaling path-
ways such as PI3K/AKT and Ras/ERK.*! Indeed, lenvatinib has been
shown to significantly inhibit the proliferation of HCC cell lines over-
expressing FGF19 and FGFRs in vitro and in vivo®®#? through the
inhibition of AKT and ERK. As the DKK1-CKAP4 axis activates AKT
through PI3K, the inhibition of HCC cell proliferation by anti-CKAP4
Ab is reasonable. Therefore, treatment of HCC with both DKK1- and
CKAP4-positive patients with anti-CKAP4 Ab and multikinase inhib-
itors could be clinically rational.

The IMbrave 150 trial showed that the combination of atezoli-
zumab and bevacizumab, which target programmed death-ligand
1 (PD-L1)*® and vascular endothelial growth factor (VEGF),** re-
spectively, is associated with significantly better overall survival
and relapse-free survival than sorafenib, a conventional multiki-
nase inhibitor.*® Irrespective of its clinical efficacy, there is growing
concern about immune-related adverse events in various organs,
which might shorten the therapeutic intervention.*® Therefore, len-
vatinib remains the second most important drug in the treatment
of unresectable HCC after the combination of atezolizumab and
bevacizumab. Depletion of CKAP4 suppressed ERK in an unknown
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FIGURE 5 Anti-cytoskeleton-associated protein 4 (CKAP4) Ab and lenvatinib additively inhibit hepatocellular carcinoma growth. (A)
Hep3B cells were stained with anti-CKAP4 Ab under nonpermeabilizing conditions. Signals were detected using the tyramide signal
amplification (TSA) system. Scale bar, 20 um. (B) Hep3B (top left panels) and JHH6 cells (bottom left panels) treated with 20 ug/ml control
1gG or anti-CKAP4 Ab were subjected to the sphere formation assay. For each condition, the sizes of the spheres are expressed relative to
the control condition. Scale bar, 50 um. Data are presented as the mean+SE. **p <0.01 (ANOVA post hoc test). (C) Hep3B cells treated with
20 pug/ml anti-CKAP4 Ab, 0.1 pM lenvatinib, or their combination were subjected to the sphere formation assay. Scale bar, 50 um. **p <0.01
(ANOVA post hoc test). (D) Hep3B cells were subcutaneously transplanted into immunodeficient mice. From day 2 after transplantation,
control 1gG or anti-CKAP4 Ab (250 ug/body) was given intravenously three times a week with or without 1 mg/kg lenvatinib orally six times
per week (control, n = 8; anti-CKAP4 Ab, n = 14; lenvatinib, n = 11; anti-CKAP4 Ab + lenvatinib, n = 10). Tumor development was observed
for 21 days. Scale bar, 10mm. Data are presented as the mean+SE. *p <0.05; **p <0.01 (Wilcoxon's rank-sum test)

manner. As lenvatinib and CKAP4 knockdown suppressed ERK ac- lenvatinib resulted in stronger inhibition of AKT activity and cell pro-
tivity more than additively, their inhibitory mechanisms for ERK liferation than either monotherapy. This combination is a promising
would be different. In addition, combining the anti-CKAP4 Ab and strategy because it improves the antitumor effect of lenvatinib and
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also reduces the dose. However, there is still a limitation for the use
of anti-CKAP4 Ab. As this Ab is theoretically effective for HCC cells
with DKK1 expression and CKAP4 membrane expression, it would
not be useful for tumor cells without expression of either DKK1
or CKAP4 due to intratumoral heterogeneity of DKK1 and CKAP4
expression.

In conclusion, simultaneous expression of DKK1 and its recep-
tor, CKAP4, is an important prognostic factor of HCC. The DKK1-
CKAP4 axis could represent a novel target for HCC therapy, and the
lenvatinib-anti-CKAP4 Ab combination could underpin the develop-
ment of a novel therapeutic strategy for HCC.
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