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Anlotinib may have a therapeutic effect @
on papillary craniopharyngiomas without the
BRAFv600e mutation
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Abstract

Background Although successful treatment of papillary craniopharyngiomas (PCPs) with BRAFv600e inhibitors has
been reported in clinical trials, studies have shown that approximately 10% of PCPs lack the BRAFv600e mutation and
that BRAFv600e inhibitors may not be significantly effective against these tumors. However, no studies have focused
specifically on BRAFv600e™ PCPs.

Methods Spatial transcriptome sequencing was performed on calcified PCP tissue to identify novel subtypes

of PCP cells. The findings were validated via pathological methods in 51 PCP samples. Primary PCP cells from
BRAFv600e™ PCP patients and BRAFv600e™ PCP patients were isolated and then injected into the brains of nude
mice via stereotactic surgery to establish a stable mouse model of human-originated PCP. Model mice were treated
with vemurafenib, a BRAF inhibitor, and anlotinib, an angiogenesis inhibitor. BRAFv600e™PCP patients were treated
with anlotinib in a phase 1 clinical trial. Changes in the tumors of the model mice and patients were monitored via
pathological methods, CT and MRI.

Results Most of calcified PCPs were negative for the BRAFv600e mutation, and findings from the mouse model
confirmed that vemurafenib may not have a significant therapeutic effect on BRAFv600e™ PCPs. However, the mouse
model verified that, anlotinib may have a significant therapeutic effect on BRAFv600e™ PCPs. Two patients with
BRAFv600e™ PCPs participated in a phase 1 clinical trial and received anlotinib therapy; their tumors disappeared after
3 months of therapy and did not recur within 24 months follow-up after stopping the treatment.
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Conclusion BRAFv600e™ PCPs are characterized by calcification and do not respond to the BRAF inhibitor
vemurafenib, and for which the angiogenesis inhibitor anlotinib may have a significant therapeutic effect.

Keywords Papillary craniopharyngioma, BRAFv600e mutation, Calcification, Vemurafenib, Anlotinib

Introduction

Craniopharyngioma (CP) is a tumor of epithelial origin
that arises from the metaplasia of cells remaining from
embryonic Rathke cleft cysts (RCC); although the vast
majority of CPs exhibit WHO grade I pathology, CP often
invades the neighboring hypothalamus or pituitary gland,
causing fatal complications that are difficult to ameliorate
by surgery [1]. Researchers have long believed that there
are 2 pathologic subtypes of CP: adamantinomatous cra-
niopharyngioma (ACP) and papillary craniopharyngioma
(PCP) [2]. However, these entities greatly differ in many
ways. For example, in terms of age of onset, ACP diag-
nosis exhibits a bimodal peak of incidence at 5-15 years
and 45-60 years, whereas PCPs are restricted to adults,
mainly at 40-60 years. On imaging, calcification is pres-
ent in more than 90% of ACPs and very rarely in PCPs
[1, 3]. Pathologically, ACPs are characterized by cluster
cells (epithelial whorls), palisading epithelium, stellate
reticulum, wet keratin, cystic cavities, and calcifications,
whereas PCPs have only papillary raised squamous epi-
thelium, occasional cystic cavities, and no other charac-
teristic structures [1, 4]. Etiologically, ACPs are caused
mainly by mutations in the CTNNB1 gene (encod-
ing beta-catenin) in cluster cells, resulting in abnormal
aggregation of oncogenic beta-catenin in the nucleus of
cluster cells and subsequent tumorigenesis induced by
senescent cluster cells [1]. Martinez et al. [5] found that
a complex interplay between cellular senescence, cyto-
kine signaling, and gene expression pathways underlies
ACP development by using multimodal machine learn-
ing analysis.It has also been suggested that ACPs may
result from activation of the MAPK/ERK pathway [6].
Recent studies have revealed that ACP development
may involve a mechanism similar to that of senescence-
related neurodegenerative diseases [7, 8]. However, PCPs
may be formed by Rax+tanycytes with a BRAFv600e
mutation in the median eminence of the hypothalamus,
and approximately 90% of PCPs carry the BRAFv600e
mutation [1, 3, 9] and exhibit beta-catenin localiza-
tion to the cell membrane or cytoplasm rather than the
nucleus [10]. The annual incidence of ACP is approxi-
mately 0.5-2 per million people, whereas the incidence
of PCP is approximately 1/10 that of ACP [1, 11]. A
recent study have revealed the differences in the cellular
composition and spatial distribution between ACP and
PCP [12].Therefore, in 2021, the WHO classified these
tumors as completely different rather than different sub-
types of the same tumor [13]. The calcification of PCP is
very rare, and no mechanistic studies have investigated

its occurrence. Moreover, approximately 10% of PCPs
lack the BRAFv600e mutation. However, no studies have
focused specifically on BRAFv600e™ PCPs.

Although recent studies about spatial transcriptome
sequencing on ACPs have revealed new subtypes of
ACP cells and potential therapeutic targets [5, 14-16],
few of them focused on PCPs via spatial transcriptome
sequencing.In this study, a special PCP patient pre-
sented with imaging-visible calcification of the tumor.
To our knowledge, calcification in PCPs is very rare, and
the mechanism is still unclear, therefore, we performed
spatial transcriptome sequencing on these calcified PCP
tumor samples to explore their biological characteristics.
We identified new subclusters of PCP cells that have the
potential for calcification, very similar to that of ACPs.
During data validation on many PCP samples, we identi-
fied another 3 cases of calcified PCPs. This study revealed
that calcified PCPs have similar histological and patho-
logical characteristics to ACPs, and most of them (3 in
4 cases) were negative for the BRAFv600e mutation,
implying that BRAF inhibitors may not have a therapeu-
tic effect on these BRAFv600e™ PCPs. To validate the
efficacy of a BRAF inhibitor on BRAFv600e™ PCPs, we
established a novel human PCP xenograft mouse model
by injecting primary PCP cells obtained from patients
into the brains of nude mice, addressing the previous
absence of a stable mouse model of human-origin PCP,
which may provide a reliable animal model for the explo-
ration of new therapeutic targets for PCPs. The poor
response of BRAFv600e™ PCPs to vemurafenib, a com-
mon BRAF inhibitor, was verified in the PCP mouse
model. Moreover, we revealed that the classical angio-
genesis promoter PDGFR was widely expressed in both
BRAFv600e~ PCPs and BRAFv600e* PCPs, and the
PCP mouse model confirmed that anlotinib, a common
PDGEFR inhibitor that acts as an antiangiogenic agent,
had a significant therapeutic effect on BRAFv600e™ PCPs.

Finally, we initiated a phase 1 clinical trial for anlotinib
therapy in BRAFv600e™ PCP patients and presented the
first report of the successful and clinical cure of patients
with BRAFv600e™ PCPs via anlotinib.

In conclusion, we report for the first time that
BRAFv600e™ PCPs are characterized by calcification and
do not respond to the BRAF inhibitor vemurafenib, and
for which the angiogenesis inhibitor anlotinib may have a
significant therapeutic effect.

Materials and methods
This information is provided in Supplementary File 1t.
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Results

New subtypes of PCP cells and their spatial distributions
were identified in calcified PCP tumor tissue via spatial
transcriptome sequencing

To explore the mechanisms of calcification in PCPs, we
performed spatial transcriptome sequencing on 1 PCP
tumor sample with imaging-visible calcification (Fig. 1
A). Seven clusters were determined according to the spa-
tial distribution of marker genes for each cluster (Fig. 1
B). Each spot in the figure is a single gene capture unit,
and each spot in the tissue includes 1-10 cells. The num-
ber of spots in the tissue was 2957, the mean number
of reads per spot was 97,833, and the median number
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of genes per spot was 2496. The number of genes with
at least one UMI in any tissue-covered spot was 22,000,
which was the total number of detected genes (Fig. 1 B).
Cluster 0, Cluster 1, Cluster 3, and Cluster 4 specifically
expressed CTNNBI, one of the classical marker genes for
PCP, as well as the marker genes CDH1 and CDH3 for
epithelial cells; therefore, these clusters were defined as
PCP cells and named PCP-1, PCP-2, PCP-3, and PCP-
4, respectively (Fig. 1 C). Notably, PCP-2 and PCP-3
also specifically expressed ODAPH and BMP2 (Fig. 1
C), which are expressed in ACPs that positively regulate
calcification and have not been previously identified in
PCPs. Cluster 2 specifically expressed NFAT5, NPIPB5
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Fig. 1 New subtypes of PCP cells and their spatial distributions were identified in calcified PCP tumor tissue via spatial transcriptome sequencing. A:
Imaging features of calcified PCPs used for spatial transcriptome sequencing. The red arrow indicates calcification in the tumor on CT imaging. The yellow
dotted box indicates the PCP tumor with its solid component and cystic cavity on MRI. The procedures of spatial transcriptome sequencing are shown
in steps 1 to 3 (created in Biorender). www.biorender.com). B: HE staining of spatial transcriptomic regions of the PCP sample; the area within the dashed
box is the gene capture region. The map of spatial location indicates the distribution of each cluster on the tissue. The locations of the seven clusters were
determined according to the spatial distribution of marker genes for each cluster. Each spot in the figure is a single gene capture unit, and each spot in the
tissue includes 1-10 cells. The number of spots in the tissue was 2957, the mean number of reads per spot was 97833, and the median number of genes
per spot was 2496. The number of genes with at least one UMI count in any tissue-covered spot is 22000, which is the total number of detected genes. C:
All the spots captured in the tumor specimen were divided into 7 clusters according to the expression of specific marker genes in each cluster. Cluster 0,
Cluster 1, Cluster 3, and Cluster 4 specifically expressed CTNNB1, one of the classical marker genes for PCP, as well as the marker genes CDH1 and CDH3
for epithelial cells; therefore, these clusters were defined as PCP cells and named PCP-1, PCP-2, PCP-3, and PCP-4. Cluster 2 specifically expressed the T-cell
marker genes NFAT5, NPIPB5 and FAMB83B. Cluster 5 specifically expressed the fibroblast markers MGP and VIM. Cluster 6 specifically expressed the B-cell
marker genes IGHG1 and IGKC. D: Spatial map for the cell clustering heatmap showing the marker gene expression level and specificity; a deeper red
color indicates a higher expression level of the marker gene for that cluster. The spatial location of each cluster’s markergene is highly consistent with the
spatial distribution of the clusters in a given tissue
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and FAMS83B, which are common marker genes of T cells
(Fig. 1 C). Cluster 5 specifically expresses MGP and VIM,
which are marker genes of fibroblasts, and Cluster 6 spe-
cifically expresses IGHG1 and IGKC, which are marker
genes of B cells (Fig. 1 C). Thus, cell types were identified
for all clusters in the PCP tumor specimen.

To further clarify the potential function of each cluster,
we annotated the top 10 genes expressed by each cluster
and plotted a heatmap of the PCP spatial transcriptional
sequencing data (Supplementary Fig. 1 A). PCP-1 (Clus-
ter 0) showed specific high expression of SLPI, which
promotes epithelial cell formation; PCP-2 (Cluster 1)
showed specific high expression of KRT14, a gene encod-
ing type 1 keratin; PCP-3 (Cluster 3) showed specific
high expression of the keratin-promoting gene LAMA3
and the enamel-promoting gene ODAPH; PCP-4 (Clus-
ter 4) showed specific high expression of MMP12 and
KRT13, which promote cell adhesion and proliferation;
T cells (Cluster 2) showed specific high expression of
MALAT]1; fibroblasts (Cluster 5) specifically expressed
MGP and VIM, which are marker genes of fibroblasts;
and B cells (Cluster 6) presented specific high expres-
sion of IGHG1 and IGKC, which encode immunoglobu-
lins (Supplementary Fig. 1 A). The spatial locations of the
markers for each cluster were highly consistent with the
spatial locations of the corresponding clusters (Fig. 1 D).
These results suggest that each subtype of calcified PCP
cells has a unique function, specifically, epithelial forma-
tion, calcification and proliferation.

Pseudotime analysis revealed distinct cell fates and

the potential for PCP cell subtype calcification during
development

The discovery of PCP subclusters carrying calcification-
related genes led us to explore the fate of these sub-
clusters. Pseudotime analysis of all the PCP subclusters
(Cluster 0, Cluster 1, Cluster 3, and Cluster 4) was per-
formed via Monocle 2 software. The results revealed that
PCP subclusters undergo differentiation from Cluster
0 — Cluster 4 — Cluster 3 — Cluster 1 during develop-
ment (Fig. 2 A). The CytoTRACE_Score scores revealed
that Cluster 0 had the lowest CytoTRACE score and the
strongest capacity for differentiation, whereas Cluster 1
had the highest CytoTRACE score and the weakest dif-
ferentiation capacity, further confirming the direction
of cell differentiation from Cluster 0 to Cluster 1 (Fig. 2
B-C).

To clarify the cell fate of PCP subclusters after differ-
entiation, this study used the differential GeneTest func-
tion of Monocle2 to identify genes whose expression
patterns changed over pseudotime, drew a heatmap of
the differentially enriched genes to obtain gene clusters,
and performed GO enrichment analysis of each of the 3
obtained clusters. The results revealed that each cluster
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presented distinct cell fates during differentiation (Fig. 2
D). The genes in Cluster 1 were progressively upregulated
during development and were associated mainly with
the upregulation of skin development, epidermal devel-
opment, calcification, and cartilage development, which
are very similar to those in ACPs (Fig. 2 D-E). The genes
in Cluster 2 were progressively downregulated during
development and were associated mainly with the down-
regulation of skin development, epithelial cell prolifera-
tion and intercellular junctions (Fig. 2 D-E). The genes in
Cluster 3 were progressively upregulated during develop-
ment and were involved mainly in ribosome assembly,
positive regulation of p53, epithelial cell development
and transcription initiation, which are necessary for cell
proliferation (Fig. 2 D-E). Thus, the cell fate of the PCP
subclusters can be summarized as follows: Cluster 1 dif-
ferentiates in the direction of epithelial cell calcifica-
tion, which is very similar to ACP calcification; Cluster
2 differentiates in the opposite direction of epithelial cell
proliferation, i.e., in the direction of epithelial cell senes-
cence, notably, senescence is one of the typical biologi-
cal features of ACPs; and Cluster 3 differentiates in the
direction of epithelial cell development and proliferation.
Finally, we confirmed that the calcification-promoting
genes BMP2, RUNX2 and ODAPH were expressed on
calcified PCPs (n=4) and ACPs (n=17). However, the
expression of BMP2, RUNX2 and ODAPH was negative
in the uncalcified PCPs (n=47) (Supplementary Fig. 2).
These results suggest that calcified PCPs may have a
strong connection with ACPs and that the calcification-
promoting genes BMP2, RUNX2 and ODAPH may play
essential roles in PCP calcification.

Imaging, histological and pathological features of the
calcified PCPs

To further validate the above data, we tested the biologi-
cal features, including imaging, histology and pathology
in 51 PCP tumor samples and detected imaging-visible
calcification in 4 samples; 17 ACP samples were included
in the control group. The calcified PCPs showed calcifica-
tions, solid components and cystic cavities of the tumors
on CT and MRI, which are very similar to those of ACPs
(Fig. 3 A). In terms of histology, calcified PCPs presented
wet keratins, calcifications and ossifications on the
tumor tissues, which are also very similar to ACP. How-
ever, cluster cells (epithelial whorls), palisading epithe-
lium and stellate reticulum were still absent on calcified
PCPs (Fig. 3 B). Pathologically, as a classical biomarker
of PCPs, Pan-CK is localized to the cytoplasm, and beta-
catenin is localized to the cell membrane rather than the
nucleus (Fig. 3 B), implying that they are PCPs but not
ACPs. In ACPs, as a control, Pan-CK was localized to the
cytoplasm, but beta-catenin was localized to the nucleus
rather than the cell membrane or cytoplasm (Fig. 3 B).
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Fig. 2 Pseudotime analysis revealed distinct cell fates and the potential for calcification of PCP cell subtypes during development. A: Pseudotime analysis
of all the PCP subclusters (Cluster 0, Cluster 1, Cluster 3, and Cluster 4) was performed via Monocle2, and pseudotime values were calculated to generate
a pseudotime diagram of the PCP cell subclusters. Larger pseudotime values are shown in a lighter color and at longer distances from the initial cell point.
The darker color represents the default initial cell point. Prior to the first branching point in cell development, Cluster 0 predominated, and after the first
branching point, Cluster 0 gradually differentiated into Cluster 4. After the second branching point, Cluster 4 gradually differentiated into Cluster 3. As
cellular differentiation continued, Cluster 3 cells eventually differentiated into Cluster 1 cells. The black arrow in the figure represents the direction of the
corresponding cell differentiation trajectory, which indicates that the PCP-cultured cells gradually differentiated from Cluster 0 to Cluster 1. B: UMAP plot
of spatial transcriptome sequencing cell clustering of the PCP sample, with closer positions between clusters in the UMAP plot indicating closer biological
relationships. C: Prediction of the differentiation potential of each subcluster of PCP cells via CytoTRACE software. The CytoTRACE score is the predicted
differentiation potential score for each cell, with lower scores (blue) representing greater cell differentiation potential and higher scores (red) indicating
weaker differentiation potential. This figure shows that Cluster 0 cells have the lowest CytoTRACE_Score and the strongest differentiation capacity and
that Cluster 1 cells have the highest CytoTRACE_Score and the lowest differentiation capacity. The black arrow indicates the direction of cell differentia-
tion. D: The differential GeneTest function of Monocle2 was used to identify genes whose expression patterns changed over pseudotime. A heatmap of
the differentially enriched genes was drawn and revealed 3 clusters, and GO enrichment analysis was performed for each cluster. The black arrow in the
figure shows the direction of cell differentiation, and each cluster shows distinct cell fates during differentiation. The genes in Cluster 1 were progressively
upregulated during development and were associated mainly with the upregulation of skin development, epidermal development, calcification, and car-
tilage development. The genes in Cluster 2 were progressively downregulated during development and were associated mainly with the downregulation
of skin development, epithelial cell proliferation and intercellular junctions. The genes in Cluster 3 were progressively upregulated during development
and were associated mainly with the upregulation of ribosome assembly, positive regulation of p53, epithelial cell development and transcription initia-
tion. E: Visualization of GO enrichment results for the three clusters in the heatmap from panel D. The horizontal coordinates represent the pseudotime
values in the pseudotime trajectories. A total of 503 genes in Cluster 1 were gradually upregulated, 1012 genes in Cluster 2 were gradually downregulated,
and 389 genes in Cluster 3 were gradually upregulated with cell differentiation

Surprisingly, although the BRAFv600e mutation in exon Establishment and validation of a novel human-originated
15, another common biomarker for PCPs, was positive in ~ PCP mouse model

the tumors of calcified PCP patient 1, another 3 calcified
PCPs were negative for the BRAFv600e mutation, as well
as ACPs (Fig. 3 B). Moreover, the CTNNB1 mutation in
exon 3 was negative in all calcified PCPs (Supplementary
Fig. 3 A), which is strong evidence that they are PCPs but
not ACPs.These findings suggest that calcified PCPs may
be characterized as BRAFv600e™ PCPs, implying that
BRAF inhibitors may not have therapeutic effect on these
PCPs.

To validate the efficacy of a BRAF inhibitor on
BRAFv600e™ PCPs, a novel mouse xenograft model with
human-origin PCPs was established in this study.

We report here, for the first time, the process of estab-
lishing and validating a human-originated PCP mouse
model (see Materials and Methods for details). After
primary PCP-containing cells were extracted from PCP
tumor tissues, they were stored at -80 °C until patho-
logical diagnosis and testing for BRAFv600e mutation in



Ainiwan et al. Acta Neuropathologica Communications

MRI-Sagittal

o
o
£
=l
3
e}
3

ACP Patient
ACP Patient

(2025) 13:46

Page 6 of 13

Fig. 3 Imaging, histological and pathological features of the calcified PCPs. A: Images from calcified PCP patients. The yellow arrows in the CT images
indicate calcification of the tumors. The MR images showed the solid components and cystic cavities of the tumors. The ACP, as a control, showed cal-
cification (yellow arrow), solid components and cystic cavity in the tumor. B: Histological and pathological features of the calcified PCPs. Calcified PCP
Patient 1: the green arrows in HE staining indicate wet keratins. Pan-CK was localized to the cytoplasm, beta-catenin was localized to the membrane,
and the BRAFv600e mutation was positive. Calcified PCP Patient 2: the white arrow in HE staining indicates calcification. Pan-CK was localized to the
cytoplasm, and beta-catenin was localized to the cell membrane, but the BRAFv600e mutation was negative. Calcified PCP Patient 3: the white arrow
in the HE image indicates ossification. Pan-CK was localized to the cytoplasm, and beta-catenin was localized to the cell membrane, but the BRAFv600e
mutation was negative. Calcified PCP Patient 4: the white arrow in the HE-stained image indicates calcification. Pan-CK was localized to the cytoplasm,
and beta-catenin was localized to the membrane rather than the nucleus, but the BRAFv600e mutation was negative. In the ACP patient, as a control, the
ACP showed cluster cells (yellow arrow), wet keratin (green arrow) and ossification (white arrow) on HE staining. Pan-CK was localized to the cytoplasm,

and beta-catenin was localized to the nucleus rather than the cell membrane, but the BRAFv600e mutation was negative

tumor tissues. Then, they were injected into the brains
of the nude mice via stereotactic surgery, after which
they were allowed to form tumors (Fig. 4 A). The tightly
arranged squamous epithelial cells were observed under
a light microscope, and beta-catenin and Pan-CK, which
are biomarkers for PCP, were expressed in the cytoplasm
and/or membrane of the primary cells (Fig. 4 B), indicat-
ing that the extracted primary cells were PCP cells. Eight
weeks after stereotactic surgery, MRI-T2WI revealed
a cystic cavity and solid component of the PCP in the
mouse brain, and HE staining revealed tumor cells form-
ing tightly packed squamous epithelial structures and a
papillary-like projection inserted into the mouse brain
tissue. Beta-catenin, Pan-CK and mutant BRAFv600e,
which are classical biomarkers of PCP, are expressed
in the cytoplasm and/or cell membrane of tumors in
the mouse brain (Fig. 4 C). The MR-T2WI image of the
human PCP revealed the cystic cavity and solid tumor,
and HE staining revealed that the tumor cells formed
tightly packed squamous epithelial structures and pap-
illary-like projections. Moreover, beta-catenin, Pan-CK
and mutant BRAFv600e were expressed in the cytoplasm

and/or cell membrane of tumor cells in the human brain
(Fig. 4 C). Human PCPs served as controls for the mouse
PCP model, and the homogeneity of their imaging, his-
tology and tumor biomarker expression findings con-
firmed the successful establishment of the mouse PCP
model, indicating that the model is fully capable of simu-
lating human PCP. To our knowledge, this work presents
the first human-originated PCP mouse model, which
may provide a reliable instrument for the exploration of
therapeutic targets for PCPs.

The therapeutic effect of vemurafenib on the human-
originated PCP mouse model

After the mouse model was established, the mice were
treated with vemurafenib, a common BRAF inhibi-
tor. After 7 days of therapy, MRI revealed that the
BRAFv600e* PCP tumors in the mouse brain significantly
shrunk, both in the solid components and cystic cavi-
ties of the tumors (n=7); however, the BRAFv600e™ PCP
tumors in the mouse brain continued to grow (n=6), as
well as the control mice (n=3) (Fig. 5 A-B). On the 7th
day of therapy, the squamous epithelium of BRAFv600e*
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Fig. 4 Establishment and validation of a novel human-originated PCP mouse model. A: Schematic representation of the steps involved in the establish-
ment of the novel human-originated PCP mouse model. Fresh PCP tumor tissues were obtained during surgical resection, and the tumor tissue was
cut into small, digestible fragments. Primary PCP cells were extracted by adding hyaluronidase and collagenase type |; finally, the primary cells were
injected into the brains of the nude mice via stereotactic surgery or stored at -80 °C before pathological diagnosis. B: Validation of primary PCP cells:
The tightly arranged squamous epithelial cells are shown under a light microscope. Beta-catenin and Pan-CK, which are markers for PCP, are expressed
in the cytoplasm and/or membrane of primary PCP cells. C: Validation of the PCP mouse model: 8 weeks after stereotactic surgery, MRI-T2WI revealed
mixed-density signals of PCP tumors in the mouse brain (n=16), and the cystic cavity (high signal) and solid components of the tumors (equal signal) are
shown in the yellow box. HE staining of the section corresponding to this MR image revealed that the tumor was located in the lateral hypothalamus.
HE magnification revealed that the tumor cells formed tightly packed squamous epithelial structures and that a papillary-like projection inserted into
the mouse brain tissue. The immunofluorescence image corresponds to the HE-stained image. Beta-catenin, Pan-CK and mutant BRAFv600e, which are
classical biomarkers of PCPs, are expressed in the cytoplasm and/or cell membrane of mouse tumors (n=16). Human PCP: MR-T2WI revealed mixed-
density signals corresponding to the PCP tumors in the patient’s brain (n=51); the cystic cavity (high signal) and solid tumor (equal signal) are indicated
by yellow boxes. HE staining revealed that the tumor cells formed tightly packed squamous epithelial structures and papillary-like projections. The im-
munofluorescence image corresponds to the HE-stained image. Beta-catenin, Pan-CK and BRAFv600e mutations were expressed in the cytoplasm and/
or cell membrane of the tumors (1=51)
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PCPs completely disappeared, leaving scar tissue; how-
ever, the squamous epithelium of BRAFv600e™ PCPs was
still intact in the mouse brain, which was similar to that
of the control mice (Fig. 5 C). After treatment for 7 days,
in BRAFv600e™ PCPs, the expression of beta-catenin and
Pan-CK was negative. However, in BRAFv600e™ PCPs,
the expression of beta-catenin and Pan-CK was still posi-
tive in the tumor tissue in the mouse brain, which was
very similar to that in the control mice (Fig. 5 D). Imag-
ing, histological and pathological changes caused by
vemurafenib therapy in the PCP mouse model suggest
that the BRAF inhibitor may not have a significant thera-
peutic effect on BRAFv600e™ PCPs.

The therapeutic effect of anlotinib on the BRAFv600e— PCP
mouse model and on BRAFv600e— PCP patients

To identify a new therapeutic target for BRAFv600e~
PCPs, we further excavated the spatial transcriptome
sequencing data from the calcifaied PCP patient 1,
although his tumor was positive for BRAFv600e. Spa-
tial transcriptome sequencing data indicated that the
fibroblasts (cluster 5) surrounding the PCP subclusters
specifically expressed PDGEFR, an angiogenesis pro-
moter (Fig. 6 A). We validated that, in tumor tissues
from BRAFv600e™ PCP patients, the PDGER was highly
expressed in the tumor mesenchyme (Fig. 6 B). Interest-
ingly, in tumor tissues from BRAFv600e™ PCP patients,
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BRAF600e’ PCP M
Vemurafenib Therapy

BRAFv600e' PCP
Vemurafenib Therapy

Control

Fig. 5 The therapeutic effect of vemurafenib on the PCP mouse model. A: Imaging changes caused by vemurafenib therapy in the PCP mouse model.
Vemurafenib therapy on the BRAFv600e* PCP mice: at the Tth day of the therapy, mouse MRI showed cystic cavity and solid component of the tumor(
yellow arrow). At the 7th day of the therapy, the cystic cavity and solid component of the tumor had significantly shrunk (yellow arrow) (n=7). The tumors
in the brains of the control mice (without any treatment) continued to grow, with the red arrow indicating solid tumor components (n= 3). Vemurafenib
therapy on the BRAFv600e PCP mice: at the 1th day of therapy, mouse MRI showed solid component of the tumor (blue arrow). At the 7th day of
therapy, the solid component of the tumor continued to grow (blue arrow) (n=6). The tumors in the brains of the control mice (without any treatment)
also continued to grow (green arrow) (n=3). B: The average volume of BRAFv600e™ PCPs significantly decreased on the 7th day of therapy. (P<0.001);
however, the average volume of BRAFv600e™ PCPs continued to increase on the 7th day of therapy (P> 0.05). C: Histological changes caused by vemu-
rafenib therapy in the PCP mouse model. Vemurafenib therapy on the BRAFv600e™ PCP mice (n=7): at the 7th day of the therapy, the squamous
epithelium completely disappeared, leaving scar tissue. Vemurafenib therapy on the BRAFv600e™ PCP mice (n=6): at the 7th day of therapy, the
squamous epithelium was still intact in the tumor tissue, which was similar to that of the control mice. D: Pathological changes caused by vemurafenib
therapy in the PCP mouse model. In BRAFv600e™ PCP mice (n=7), beta-catenin and Pan-CK expression was negative in the tumor tissue. However, in
BRAFv600e™ PCP mice (n=6), beta-catenin and Pan-CK expression was still positive in the tumor tissue after vemurafenib therapy, which was very similar

to the findings in the control mice (n=3)

the PDGEFR was also abundantly expressed in the tumor
mesenchyme, where the fibroblasts were located.

(Fig. 6 C). Furthermore, human PDGFR was positive
in tumor mesenchyme of mouse PCP model (Supple-
mentary Fig. 3 B), suggesting that human-derived fibro-
blasts were co-transplanted with primary PCP cells into
the mouse brain. To confirm whether the PDGFR could
serve as a new therapeutic target for BRAFv600e™ PCPs,
the model mice were treated with anlotinib, a com-
mon PDGEFR inhibitor that acts as an antiangiogenic
agent. After 7 days of therapy, MRI revealed that the
BRAFv600e™ PCP tumors in the brains of the mice sig-
nificantly shrunk (n=6); however, the BRAFv600e™ PCP
tumors in the control mice (without any treatment)
continued to grow (n=3) (Fig. 6 D). Furthermore, on
the 7th day of therapy, the squamous epithelium of the
BRAFv600e™ PCP completely disappeared, leaving scar
tissue; however, the squamous epithelium was still intact

in the tumor tissue of the control mice (Fig. 6 E). After
treatment for 7 days, PDGFR and CD31 expression was
negative in the tumor tissue of BRAFv600e™ PCP mice
(n=6). However, PDGFR and CD31(a marker of vascular
endothelial cell) expression was still positive in the mes-
enchyme of tumor tissue in control mice (n=3) (Supple-
mentary Fig. 3 C).These findings suggest that anlotinib
targeting PDGFR may inhibit the formation of nourish-
ing vessels in PCP tumors.

Calcified PCP Patient 2 and calcified PCP Patient 4,
the BRAFv600e mutation was negative in their tumors,
underwent tumor recurrence after surgery. Based on the
above results, our team initiated a phase 1 clinical trial of
anlotinib therapy in these patients with BRAFv600e™ PCP.
After 3 months of anlotinib capsule therapy, the tumors
essentially disappeared, leaving the pituitary intact,
and after 24 months of follow-up, there was no tumor
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Fig. 6 The therapeutic effect of anlotinib on the BRAFv600e™ PCP mouse model and BRAFv600e™ PCP patients. A: Spatial transcriptome sequencing data
from the calcifaied PCP patient 1, who carried the BRAFv600e mutation, indicated that the fibroblasts (cluster 5) specifically expressed PDGFR. A1: Fibro-
blasts (Cluster 5) surrounding PCP cells on a spatial map. A2-A4: PDGFR is the most specifically expressed gene in fibroblasts (cluster 5). B: In tumor tissues
from BRAFv600e* PCP patients, PDGFR was highly expressed in the tumor mesenchyme. C: In tumor tissues from BRAFv600e~ PCP patients, PDGFR was
also abundantly expressed in the tumor mesenchyme, where the fibroblasts were located. D: Imaging changes caused by anlotinib (a PDGFR inhibitor)
therapy in BRAFv600e™ PCP mice. At the 1th day of therapy, mouse MRI showed solid component of the tumor (yellow arrow). At the 7th day of therapy,
the solid component of the tumor had significantly shrunk (yellow arrow) (n=6). The tumors in the brains of the control mice (without any treatment)
continued to grow, with the yellow arrow indicating the tumor (n=3). E: Histological changes caused by anlotinib therapy in BRAFv600e™ PCP mice. At the
7th day of therapy, the squamous epithelium had completely disappeared, leaving scar tissue (n=6); however, the squamous epithelium was still intact
in the tumor tissue of the control mice (n=3). F: Detailed presentation of two patients with BRAFv600e™ PCP from the early stage of the disease to clini-
cal cure. 1-5: Calcified PCP Patient 2 (male, 21 years old), negative for the BRAFv600e mutation. 1: The yellow arrow in the preoperative CT image
indicates tumor calcification. 2: The yellow dotted box in the preoperative MR-T1WI enhancement image indicates the tumor. 3: The patient underwent
tumor resection surgery, and the tumor recurred 1 year after surgery (indicated by the yellow dotted box). 4: After tumor recurrence, the patient received
oral treatment with anlotinib capsules, and the tumor essentially disappeared after 3 months of treatment, leaving the pituitary intact (indicated by the
yellow dotted box). 5: After 24 months of follow-up, there was no tumor recurrence (yellow dotted box). 6-10: Calcified PCP Patient 4 (female, 18
years old), negative for the BRAFv600e mutation. 6: The yellow arrow in the preoperative CT image indicates tumor calcification. 7: The yellow dotted
box in the preoperative MR-TTWI enhancement image indicates the tumor. 8: The patient underwent tumor resection surgery, and the tumor recurred
14 montbhs after surgery (indicated by the yellow dotted box). 9: After tumor recurrence, the patient received oral treatment with anlotinib capsules, and
the tumor essentially disappeared after 3 months of treatment, leaving the pituitary intact (indicated by the yellow dotted box). 10: After 24 months of
follow-up, there was no tumor recurrence (yellow dotted box)

recurrence (Fig. 6 F). These findings suggest that anlo-
tinib may have a therapeutic effect on BRAFv600e™ PCPs.

subtype may protect the squamous epithelial structures
of the PCP from immune cells via SLPI. The PCP-2 sub-
cluster showed specific high expression of KRT14, which

Discussion encodes the type 1 keratin that forms the epithelial cell

Calcification in PCPs is very rare, and the mechanism is
still unclear. In this study, new types of PCP cells were
identified through spatial transcriptome sequencing
on a calcified PCP tissue, and it was found that all cal-
cified PCP cell subtypes have unique functions. The
PCP-1 subcluster presented high expression of SLPI,
which was previously shown to be secreted mainly by
epithelial cells and to protect epithelial tissues from ser-
ine proteases [17-20], suggesting that the PCP-1 cell

skeleton and promotes tight junctions between epi-
thelial cells [21], suggesting that the formation of PCP
squamous epithelial structures connected by tight junc-
tions may be related to KRT14 expression. In addition,
the PCP-2 and PCP-3 cell subtypes specifically express
the ODAPH, RUNX2 and BMP2 genes, which have
been shown to promote calcification and odontogenesis
in ACPs [22-24], and have been validated in all calci-
fied PCPs in this study; however, all uncalcified PCPs do
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not express these genes, implying that the calcification-
promoting genes BMP2, RUNX2 and ODAPH may play
essential roles in PCP calcification. The PCP-4 subcluster
specifically expressed high levels of MMP12 and KRT13,
which promote epithelial cell-to-cell adhesion and pro-
liferation [25, 26], implying that the PCP-4 subcluster
may be a major contributor to the proliferation of PCP
cells. Pseudotime analysis revealed that PCP subclus-
ters undergo differentiation from Cluster 0 — Cluster 4
— Cluster 3 — Cluster 1 during development, and the
corresponding biological feature is epithelial formation
— cell proliferation — calcification — tight junction for-
mation, indicating that the PCP-3 subcluster (Cluster 3)
may have the potential to differentiate toward calcifica-
tion during development. This study revealed, for the
first time, that calcified PCP subclusters differentiate in
3 directions during their differentiation: cell prolifera-
tion, senescence, and calcification. Notably, senescence
and calcification are typical biological features of ACP
cells, and calcification is a process that occurs after cell
death and is a senescence-dependent pathological change
[27], implying that calcification may be a result of cell
senescence in calcified PCPs. Pathologically, ACPs are
characterized by clustered cells (epithelial whorls), pali-
sading epithelium, stellate reticulum, wet keratin, cystic
cavities, calcifications, ghost cells without nuclei, and
nuclear beta-catenin, which are generally considered
a basis for the pathologic diagnosis of ACPs [28]. This
study revealed that calcified PCPs presented squamous
epithelium, wet keratin, calcifications and ossifications
but not the epithelial whorls or stellate reticulum charac-
teristic of ACPs. More importantly, beta-catenin is local-
ized to the cell membrane rather than the nucleus in all
calcified PCPs, furthermore, the CTNNB1 mutation in
exon 3 was negative in all calcified PCPs, which is strong
evidence that they are PCPs rather than ACPs [10]. These
phenomena suggest that calcified PCPs may have a simi-
lar pathogenesis to ACPs.

Although current clinical trials have reported the suc-
cessful treatment of PCPs with BRAFv600e inhibitors
[1, 29], approximately 10% of PCPs are negative for the
BRAFv600e mutation [30, 31], implying that BRAFv600e
inhibitors may not have a significant therapeutic effect on
these PCPs. Unfortunately, no studies have reported on
BRAFv600e™ PCPs, and these PCPs seem to be neglected
because they are very rare. This study revealed for the
first time that most of calcified PCPs were negative for
the BRAFv600e mutation. A recent study revealed that
BRAFv600e* PCPs may be formed by Rax+tanycytes
with a BRAFv600e mutation in the median eminence
of the hypothalamus [32]; however, our findings in this
study support that the BRAFv600e™ PCPs may be com-
pletely different from BRAFv600e™ PCPs and may arise
from the metaplasia of cells remaining from embryonic

(2025) 13:46

Page 10 of 13

Rathke cleft cysts (RCCs), similar to ACPs. These find-
ings imply that BRAFv600e™ PCPs and ACPs may be twin
brothers born from RCCs.

To date, no animal model of human PCP-related tumor
formation in animal brain tissue has been reported.
Although successful induction of PCP tumors in the
mouse hypothalamus via BRAF transgenesis has been
reported, this tumor is of mouse origin rather than of
human origin [9, 33]. In this study, a novel human-origin
PCP mouse model was established, and it was identical
to human PCPs in terms of imaging, histology and tumor
biomarker expression, confirming the successful estab-
lishment of the model and indicating that the model is
fully capable of simulating human PCPs. To our knowl-
edge, this is the first stable mouse PCP model of human
origin, which may provide a reliable basis for the explora-
tion of new therapeutic targets for PCPs. Recent clinical
trials have demonstrated significant reductions in PCP
tumor volume after treatment with BRAF inhibitors [30,
34, 35]; however, the changes in pathology induced by
therapy have rarely been captured. In this study, changes
in the imaging, histology and pathology of BRAFv600e*
PCP tumors after vemurafenib (BRAF inhibitor) therapy
were observed in the mouse brain. Moreover, this study
revealed for the first time that BRAFv600e™ PCPs in
mouse brains do not respond to vemurafenib therapy in
vivo, confirming that BRAF inhibitors may not have a sig-
nificant therapeutic effect on BRAFv600e™ PCPs.

The glial reaction tissue around ACP cells is enriched
with glial cells and fibroblasts [5, 14], acting as a “pro-
tective armor” for the ACP to protect it from cytotoxic
T-cell surveillance [36]. In many cancers, fibroblasts are
a barrier that protects cancer cells from elimination by
immune cells [37]. In this study, in terms of spatial dis-
tribution, fibroblasts were located around the PCP tumor
cells, showing a tendency to surround the tumor cells,
a pattern very similar to that of ACP cells surrounded
by glial reaction tissue, implying that the fibroblasts
surrounding PCP tumor cells may serve as a protec-
tive armor to prevent PCP cells from being attacked by
immunocytes. Moreover, fibroblasts also contribute to
angiogenesis, forming nourishing vessels of tumors in
many cancers [38—41]. However, the role of fibroblasts
in PCPs remains unknown. In this study, spatial tran-
scriptome analysis revealed that fibroblasts specifically
enriched PDGFR, an angiogenesis promoter [42, 43].
PDGER was highly expressed in the tumor mesenchyme,
where the fibroblasts were located, both on BRAFv600e*
PCPs and on BRAFv600e™ PCPs, suggesting that PDGFR
may be a novel therapeutic target of BRAFv600e™ PCPs.

We identified a PDGFR inhibitor, anlotinib, which is
widely used in the clinic for the treatment of non-small
cell lung cancer and acts as an antiangiogenic agent to
block the formation of nourishing vessels in tumors [44,
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45]. However, anlotinib has not been reported to be
used to treat PCPs. The PCP mouse model in this study
revealed that anlotinib may have a significant therapeu-
tic effect on BRAFv600e™ PCPs by targeting PDGFR, and
this success in vivo led us to initiate a phase 1 clinical trial
for anlotinib therapy in BRAFv600e™ PCP patients. In
this study, two patients with BRAFv600e™ PCPs received
oral therapy with anlotinib capsules for 3 months, and
their tumors almost completely disappeared. There was
no tumor recurrence at the 24-month follow-up after
therapy stopped, and patients’ quality of life was pre-
served. To our knowledge, these are the first cases of
BRAFv600e™ PCPs to be cured by anlotinib in the world
thus far, suggesting that anlotinib may have a significant
therapeutic effect on BRAFv600e~ PCPs. We believe
that treating PCPs with a combination of a BRAF inhibi-
tor and anlotinib may soon be recognized as an effective
means of curing this difficult disease.

Limitations

This study has the same inherent limitations related to
sequencing depth that all mononuclear and spatial RNA-
seq studies have; that is, changes in the expression of
low-abundance transcripts cannot be detected. The cur-
rent sample size was chosen for practical reasons, includ-
ing cost. Although the sample size was small, we verified
the findings through a variety of experimental methods
and obtained similar results. As the cost of spatial RNA-
seq research decreases, future research may verify our
findings in a larger sample. PCP primary cells isolated
from the calcified PCP tumor tissue are hardly to survive
in vitro, so we are unable to validate the pseudotime anal-
ysis.Although we found that anlotinib targeting PDGFR
may have a significant therapeutic effect on BRAFv600e™
PCPs by generating PDX, its mechanism in human body
is still unknown, mainly because we cannot get tumor
samples after treatment. Given the very rare incidence of
PCPs, we reported only 2 cases of recurrent BRAFv600e™
PCPs with a significant response to anlotinib. We believe
that reports from colleagues worldwide on the treatment
of BRAFv600e™ PCPs with anlotinib will further corrobo-
rate our findings.

Conclusion

This study revealed for the first time that BRAFv600e™
PCPs are characterized by calcification and do not
respond to the BRAF inhibitor vemurafenib, and for
which the angiogenesis inhibitor anlotinib may have a
significant therapeutic effect.
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Supplementary Material 1

Supplementary Material 2: fig. 1: heatmap of PCP Spatial transcriptional
sequencing cell clustering. A Heatmap demonstrating the expression
levels of the top 10 marker genes specifically expressed by each cluster.
Each row of the graph represents a marker, and each column represents a
spot in each cluster. A deeper red color indicates a higher expression level
of the gene in the cluster. PCP-1 (Cluster 0) presented specifically high ex-
pression of SLPI, and PCP-2 (Cluster 1) presented specifically high expres-
sion of KRT14. PCP-3 (Cluster 3) presented specifically high expression of
the keratinogenesis-promoting gene LAMA3 and the enamel formation-
promoting gene ODAPH. PCP-4 cells (Cluster 4) presented specifically
high expression of MMP12 and KRT13, which promote cell adhesion and
proliferation. T cells (Cluster 2) presented specifically high expression of
MALAT1. Fibroblasts (Cluster 5) specifically expressed the MGP and VIM. B
cells (Cluster 6) presented specifically high expression of IGHGT and IGKC,
genes encoding immunoglobulins.

Supplementary Material 3: fig. 2: genes promoting calcification were en-
riched in the PCP subcluster on the calcified PCP tumor tissue. A-C Spatial
distribution of the calcification-promoting marker genes RUNX2, ODAPH,
and BMP2 in calcified PCP tumor samples. Darker colors represent more
significant gene enrichment. D-F: Violin plot of the calcification-associated
marker genes RUNX2, ODAPH, and BMP2, which were enriched in calcified
PCP-type tumor samples. G: Validation of BMP2, ODAPH, and RUNX2 in
calcified PCP tumor samples. BMP2, RUNX2 and ODAPH were expressed
on calcified PCPs (n=4) as well as on the ACPs (n=17). However, the
expression of BMP2, RUNX2 and ODAPH was negative in the uncalcified
PCPs (n=47).

Supplementary Material 4: fig. 3: anlotinib May inhibit the formation

of tumor-feeding vessels in BRAFv600e— PCP tumors in mice brain. A
Detection of CTNNB1 gene mutation in exon 3. The CTNNB1 mutation was
positive in ACP tumor tissue (black arrow indicated double wave peaks,
suggesting mutation) (n=17), but in the calcified PCPs, the CTNNBT muta-
tion was negative (n=4). B: Human-derived PDGFR was positive in tumor
mesenchyme of human PCPs (n=51) and mouse PCP model (n=25). C:
Pathological changes caused by anlotinib therapy in the BRAFv600e™ PCP
mouse model. At the 7th day of therapy, PDGFR and CD31 expression was
negative in the tumor tissue (n=6). However, PDGFR and CD31 expres-
sion was still positive in the mesenchyme of tumor tissue in control mice
(n=3).
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