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1 Introduction

1.1 Clinical Data

Most cancer patients are diagnosed with a clinically known primary site and
characteristic signs and symptoms of that lesion. However, approximately 10-15% of
patients show metastatic disease at presentation, and in approximately one-third of
these cases, the primary site of disease cannot be determined. [1,2]. These
carcinomas are referred to as "Cancer of Unknown Primary" (CUP) [3,4] and are
characterized by: (i) early metastatic spread, (ii) unpredictable metastatic patterns,
and (iii) lack of specific tissue differentiation markers [4]. A more detailed and
accurate definition, proposed by the Royal College of Pathologists [5] and included in
the “NICE” (National Institute for Health Care Excellence) Guidelines [6],
distinguishes three entities: (1) Malignancy of Undefined primary Origin (MUO),
defined as metastatic cancer identified by clinical examination or imaging without a
known primary site, (2) Provisional CUP, defined as metastatic malignancy of
epithelial or neuroendocrine origin, diagnosed by cytohistology, without an identified
primary site after initial evaluation and multidisciplinary review by specialists, and (3)
CUP With the same cytohistologic characteristics as preliminary CUP, but for which
the site of origin cannot be identified despite thorough examination and
multidisciplinary review by specialists.

The most recent guidelines of the ltalian Association of Medical Oncology refer to
these tumors as "Occult Primary Epithelial Tumors" TEPO" [7]. Non-epithelial
histotype neoplasms (e.g., melanoma, sarcoma, lymphoma, germ cell tumors) are
not included in CUP by current guidelines.

The first data regarding the incidence of this occult carcinomas date back to 1970,



with Holmes and Foutes reporting that CUP represented 3% of a total of 21,000
carcinoma diagnoses in a 25-year case series [8]. Subsequent studies have
generally confirmed this data, with estimates tending to decrease [9-15]. This can be
primarily explained by (i) innovation in radiologic technology, (ii) introduction of
genetic profiling, and (iii) development of increasingly refined immunohistochemical
markers that allow greater diagnostic accuracy in identifying the profile of origin of
metastatic diseas. Nonetheless, 80% of CUP patients have a poor prognosis and a
survival of only a few months, especially if they present with multiple visceral or bone
metastases [16,17]. Conversely, 20% of patients with single disease localizations,
superficial lymph node sites, or well-differentiated histotypes have a better prognosis

and a median survival of approximately 1-2 years.

1.2 Etiopathogenesis

Several theories have been proposed over the years to explain the etiopathogenesis
of CUP. In an initial scenario, it is hypothesized that metastatic cells can spread from
the primary tumor to distant sites in the early stages and cause an alteration in the
microenvironment, resulting in metastasis formation before the primary tumor is
identifiable or even before malignant transformation occurs at the site of origin [18].
This theory is supported by the fact that neoplastic cells have different genetic
alterations at the site of origin compared to the site of metastasis. [19].

Another scenario concerns the possible presence of tumor microenvironment factors
that promote tumor growth at the metastatic site while blocking the growth of these

cells (genetically identical to those at the site of origin) in the primary site, resulting in



metastasis without the parallel development of the primary neoplasm [20]. This theory
is supported by evidence of clonal relationships between cells at both sites [21].

A final scenario suggests that these neoplasms may originate from undifferentiated
pluripotent stem cells capable of differentiating into multiple cell lines [22]. It has been
observed that multipotent stem cells are present in connective tissues during
adulthood, capable of differentiating into any cell line in the event of neoplastic
transformation. According to this hypothesis, CUP can be considered "tumors of
adult stem cells" [22].

The current understanding of CUP spread involves the consecutive sequence of
clonal proliferation, invasion, and intravasation of tumor cells from the primary tumor,
circulation, extravasation into various organs, and colonization at metastatic sites.
Once in circulation, cancer cells must survive immune pressures, exit circulation via

extravasation, and successfully seed within metastatic sites [23].

1.3 Genetic Alterations

Regarding alterations in oncogenes and tumor suppressor genes, it is known that
TP53 is the first tumor suppressor gene to be identified in CUP. TP53 mutations are
one of the most common genetic alterations in human cancers, with nearly 50% of
epithelial malignancies exhibiting biallelic mutations [24].

In CUP, TP53 expression is observed in 70% of cases, with overexpression in 50%.
However, TP53 hotspot mutations in exons 5-9 are found in only 26% of CUP cases
[25]. This discrepancy between protein expression and gene mutation rate can be
attributed in part to the different specificities of antibodies for mutant and wild-type
protein and in part to the possible presence of mutations outside the exon 5-9 region.

[26].



Activating mutations in RPS7 and RPLI1, two genes encoding ribosomal proteins
involved in the MDM2/p53 signaling pathway, have also been identified. These
genes are implicated in epithelial-mesenchymal transition and increased metastatic
potential [27].

Approximately 70% of CUP patients show enrichment in transcripts of proteins
involved in DNA damage and homologous recombination repair networks, such as
BRCA1, ATM, and CHEK2 (checkpoint kinase 2), suggesting chromosomal
instability in CUP [23].

Epidermal Growth Factor Receptor (EGFR) expression is reported in 74-75% of CUP
cases, and its overexpression ranges from 4% to 61%. The presence of this receptor
correlates with sensitivity to cisplatin-based chemotherapy regimens [28,29].

The expression of tropomyosin-related kinase (NTRK1-related kinases), proteins in
the RAS signaling pathway (RAS, RAF, MAPK) have also been observed in a
percentage of 6% and 15% CUP cases [30,31].

Expression of c-Kit and PDGFRs has also been reported, although without
therapeutic utility or significant prognostic variation. c-Kit expression was reported in
11% and 81%, PDGRFa in approximately 50%, and PDGFRDb in approximately 25%
of CUP cases. [32,33].

c-Myc is another factor reported to be involved in cell proliferation in CUP. It is
expressed in 96% of CUP cases, hyperexpressed in 23%, and amplified in 12%.
However, its clinical implications remain unstudied. [34].

c-Met, a transmembrane receptor binding HGF, shows hyperexpression and somatic
mutations associated with invasive growth in CUP. In a cohort of 23 cases of CUP,
30% of them exhibited a c-Met mutation, a significantly higher percentage compared

to known primary site tumors, which stands at 4%. These mutated receptors were



functional, suggesting that activating mutations of the MET gene could serve as

genetic markers associated with CUP [35].



2 Purpose of the Research

Although CUP accounts for only 3-5% of all human tumors, they remain an unsolved
medical and diagnostic issue. In particular, the lack of immunohistochemical tissue
differentiation markers currently leads to a diagnostic approach of exclusion,
following a "what it is not" algorithm. This involves the evaluation of multiple markers
of tumor origin, often resulting in excessive sample processing that limits the amount
of diagnostic tissue that can be used for molecular analysis, especially in the case of
biopsies. Last but not least, this diagnostic workflow can also lead to delayed
diagnosis and consequently to a delayed start of treatment for the patient. For all
these reasons CUPs epitomize a quintessential metastatic disease, whose

understanding can shed light on the largely obscure genetic, molecular and biological

principles governing cell dissemination and homing throughout the organism in all

cancer subtypes.

Taking all this into account, in the present project we have established a robust,

multidisciplinary, and integrated translational platform, as shown in Figure 1, to study the

diagnosis, biology, progression and treatment of CUP.

| AGNOSTOS NETWORK \

Figure 1. The AGNOSTOS platform. From patients
recruited through the Agnostos (Greek ayvootoo,

( [ AGNOSTOS PROFILING (CUP Patint Recnitment) | ) meaning ‘unknown’) profiing protocol, shared by the
| Agnostos Knowledge Center (AKC) | Agnostos Network of oncological centers, tissues and

/[ Wolocular Analyses(NGS) | blood are recovered, biobanked and u'sed'for direct
T CUPs BioBank | ) diagnostic assessment or derivation of in vivo and in

vitro models for functional analysis, including patient-

[ FFPETISSUE @I@ | FResHTssue ] derived xenografts and agnospheres (CUP cancer stem

/ } , L cells). Molecular analysis, based on deep genomic
Diagrosti |cona| characterization, pervades all research stages to define
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v £ ||| targets to inform clinical trials. ADX: agnosphere-derived

: s xenografts, or spheropatients; CDX: circulating tumor

5 = ;;‘l cells-derived xenografts; ctDNA: circulating tumor DNA;

2 WES of s CTC: circulating tumor cells; FFPE: formalin-fixed
= o’ ||| paraffin embedded; FISH: fluorescence in situ
— hybridization; IHC: immunohistochemistry; PDC: patient-
\ Entity-defining biomarkers, predictilve biomarkers, therapeutic targets derived primafy Cu”ureS; PDX: patient'derived

xenografts; NGS: next generation sequencing.



1.

The primary objective of this research project was to develop a simplified and
efficient processing of tissue sample to correctly address and standardize the
diagnosis of malignancy of “undefined primary origin” (MUO).

Using biological material of CUP patients, the other goals were (i) to deeply
characterize the genomic and transcriptomic landscape of CUPs to discover case-
specific and common genetic dependencies and functional vulnerabilities; (ii) to
identify the molecular basis that underpins the undifferentiated, stem-like, and
invasive features shared by CUPs; (iii) to evaluate potential "drivers" emerging
from genetic and functional annotations as targets for personalized medicine.

As final aim, still ongoing, we are investigating the expression of PDL-1 in CUP as

a marker of immunotherapy.



3 Results

3.1TAIM 1

[Attachment 1]. Real-world histopathological approach to malignancy of undefined primary
origin (MUO) to diagnose cancers of unknown primary (CUPs).

Pisacane A#, Cascardi E#, (#contributed equally) et al. Virchows Arch. 2023 Mar;482(3):463-475.
PMID: 36346458.

3.1.1 Summary and Discussion of the results

The systematic review of the literature [36-40] and the guidelines [5,41,42]
regarding MUO are constantly improving, with the aim of defining a diagnostic
procedure capable of approximating the tissue of origin as much as possible to better

guide therapeutic decisions.

A) Using data collected from a ‘“real world” experience, we generated a simplified
pathology workflow to rule out early metastatic cancer and designed a CUP
classification of clinical impact in patients referred to our institute for MUO.

First, the histologic analysis of 64 MUO referred to our institute, either for
initial diagnosis or for second opinion, leads to define two groups of MUO, those
easily classified as “carcinomas” and those who need immunohistochemical test
because “undifferentiated tumors”. Once carcinomas have been identified, the final
step recommended by the guidelines [6] is to determine the probable tissue of origin.
Bellizzi [43] reported that through the application of next-generation
immunohistochemistry, pathologists can provide increasingly precise answers. The
author highlighted the role of tumor morphology in guiding the diagnostic flow for
CUPs and further recognized that the metastatic site helps track the primary lesion
[43].

We showed that adenocarcinoma was the predominant histotype among
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MUO cases classified as “carcinoma” at microscopic analysis. Of note, all the so-
called "early metastatic carcinoma" were in the setting of adenocarcinoma and 11%
were identifiable by standard histologic features pathognomonic for the tumor of
origin (e.g., follicular structures for thyroid cancer, signet ring cells for lobular breast
or gastric cancer, etc.). In these cases, the use of a few tissue-specific markers
confirmed the organ of origin, thus avoiding specimen waste and guiding imaging
studies. Following the recommendation of Bellizzi [43] if the adenocarcinoma
morphology was not typical of any tissue of origin, we considered the results of anti-
CK7/CK20 antibodies, the patient sex and the site of metastasis to address the
additional tissue-specific markers. In some cases, this workflow has resulted in
representing a "putative immunophenotype" of the originating tissue. The site of
metastases is an useful parameter to be considered in MUO diagnosis and when the
lymph nodes are the exclusive site of metastases, it is essential to consider the
organs that drain those lymph nodes as the possible site of origin of the tumor [38].

Our work up, which considers the histotype, the site of metastases and the
gender, identified another 14% of early metastatic cancers. For example, in women,
in the set of CK7+/CK20- MUO adenocarcinoma, estrogen receptor (ER) expression
and axillary metastases should be considered to exclude early metastatic breast
carcinoma. Using this workflow, we identified 9% of early metastatic breast cancer
among MUO. In agreement with these results in the CUPISCO trial, 7.3% were not
compatible with CUP because of proof or strong evidence of a breast primary [18]. In
the same study the expression of PAX8/WT1 was considered to investigate a
possible gynecological origin [18]. We use the same markers to suggest a “putative
gynecological immunophenotype” and exclude an early metastatic cancer.

TTF1 and napsin-A are the key lung cancer markers, in CK7+/CK20-

adenocarcinomas in men and in ER- biopsies in women. Based on the experience of
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the CUPISCO study [18], all TTF1/napsin A positive cases should be referred to
radiologists to rule out lung primitivity. In our series, the lung immunophenotype
identified 60% of early metastatic lung cancers.

Finally, in 25% of the adenocarcinoma cohort, the immunophenotyping did not
suggest any tissue of origin (adenocarcinoma of undefined immunophenotype) nor
any instrumental examination ratified a primary tumor, directly leading to the
diagnosis of confirmed CUP.

In cases of CUP with squamous or neuroendocrine morphology, the use of
cell differentiation markers is advised to avoid misinterpretation, especially when
tumor morphology is heterogenous or poorly differentiated, because these histotypes
are considered “favorable CUPSs” [44]

In our study, in 15.6% of cases, the pathologist had difficulty defining MUO as
carcinoma using standard histologic parameters and had to use a larger panel of
immunohistochemistry to differentiate them from sarcoma or melanoma. These
“‘undifferentiated/sarcomatoid CUP” had rapid disease progression. In the CUPISCO
trial, one of the reasons for failure was also that 10% of the cases included under
“‘unfavorable CUP” turned out to be non-carcinoma malignancies at central review
[18].

Fig. 2 (below) shows the results of the characterization of the MUO case

series and the rationale of the workflow starting from histology.
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Malignancy of Undefined primary Origin (MUO) (N = 64)

Pisacane et al. 2022 (Am. J. Surg. Pathol. under review)
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In our case series only 78.7% of formalin-fixed and embedded residual tissue
after IHC study was adequate for molecular analyses. Actually, one reason of
Cupisco trial failure was the inadequacy of residual tissue, after histopathological
diagnosis, for high throughput molecular analyses used to identify possible targets of
gene therapy in patients with “unfavorable CUP” [39]. Our cases were tested for
genetic analysis using ONCOCARTA that includes known druggable hotspot
mutations of ABL1, AKT1, AKT2, BRAF, CDK4, EGFR, ERBB2, FGFR1, FGFR3,
FLT3, HRAS, JAK2, KIT, KRAS, MET, NRAS, PDGFA, PIK3CA, and RET genes.
36% of CUPs showed at least one mutation. KRAS and PI3KCA were the most
frequently mutated genes and accounted for 75% of all the identified alterations. No
specific correlation was found between specific mutations and immunophenotype of

adenocarcinomas, sex, histological grade, or survival status.

B) We showed a clinical impact of our CUP diagnostic workup

Overall, 42.5% (47/67 of MUO) of patients with confirmed CUP in the present
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case series had only lymph node metastases at initial diagnosis, while 57.5% had
metastases to other sites (visceral and/or bone and/or muscle and/or brain) with or
without lymph node involvement. It is known that CUP-patients with only lymph node
metastases have better overall survival [24]. Therefore, to study the clinical impact of
our workflow, we focused on patients with confirmed CUP and evaluated the site of
first metastases, the site of progression and their possible correlation with the
histotype and, in the case of adenocarcinoma, with the putative immunophenotype.
The squamous carcinoma  histotype and the  “gynecological
immunophenotype” (within adenocarcinomas) often presented lymph nodes as the
only sites of metastasis. Of note, the NICE guidelines recommend considering
metastatic squamous cell carcinoma of the cervical lymph nodes as of head/neck
origin and that of the inguinal lymph nodes as of anal/gynecological/lower urological
origin [42].
On the opposite, none of the patients of the "biliary-pancreatic immunophenotype"
and "pulmonary immunophenotype" adenocarcinomas had only lymph node
involvement.

Patients  with  adenocarcinoma of “undefined immunophenotype,”
undifferentiated carcinomas, and sarcomatoid carcinomas had rapid disease
progression, regardless of the anatomical location of the cancer at the time of
diagnosis and could be considered CUP with “unfavourable prognosis”.

Although we were not able to collect the type of treatment of all patients, we
demonstrated that the time to organ progression or death from disease was 6.4
months longer in patients with only lymph node metastases, and that patients had a
significantly longer overall survival (p<0.001) regardless of the number of lymph
nodes involved and regional location (superficial vs deep and supra vs

subdiaphragmatic). These results support lymphadenectomy as a crucial treatment
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of these subset of patient. In fact, Wach MM et al. [45] showed that nearly two-thirds
of patients undergoing axillary or inguinal lymphadenectomy for metastatic
squamous CUP were alive 5 years following lymphadenectomy. In addition,
Pouyiourou M et al. advocate to pursue localized treatment with surgery and/ or
radiotherapy in single-site and oligometastatic CUP [24].

We acknowledge that our study has some limitations. The cohort was
relatively small, and a validation cohort was not available; nevertheless, MUOs are
rare entities and a careful clinic-pathological examination of these patients is of
utmost importance in order not to misinterpret cases of early metastatic disease as

CUPs.
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3.2AIM 2

[Attachment 2] Cancer of unknown primary stem-like cells model multi-organ metastasis
and unveil liability to MEK inhibition. F. Verginelli, A. Pisacane, G. Gambardella, A.
D'Ambrosio, E. Candiello, M. Ferrio, M. Panero, L. Casorzo, S. Benvenuti, E. Cascardi, et al. Nat
Commun, 2021 May 3;12(1):2498. PMID: 33941777

3.2.1 Summary and Discussion of the results

A) While we were defining the critical steps in the diagnosis of CUP, we worked
to create in vivo and in vitro models useful to study the CUP biology.

Fresh human specimens of CUP (3 adenocarcinoma, 1 squamous, 1
sarcomatoid and 1 neuroendocrine carcinoma and the metastatic melanoma as
control) were transplanted into immunocompromised NOD/SCID mice (patient-
derived xenografts, PDX), resulting in 75% engraftment. Tumor tissue samples
derived directly from CUP patients or from CUP-PDX were minced, digested, and
seeded to obtain “tumorsphere” and spheroid cultures of stem-like cells called
"agnospheres", which reproduced the histological features of the original carcinomas.
Agnospheres appeared a few days after seeding and stabilized after an average of 3-
4 months, with a 75% of successful rate. Of note, CUP samples that did not engraft
belonged to patient with longer survival.

We then performed the genetic characterization of agnospheres and of the
corresponding available human tissues, by whole-exome sequencing. Agnospheres
display the same genetic makeup of original tumors.

The most interesting observation was that all agnospheres were capable of self-
renewing and of long-term propagating at clonal density in the complete absence of
any exogenous growth factor, including EGF or FGF, usually required for in vitro
isolation and long-term maintenance of the stem phenotype in cancer stem cells from
highly aggressive tumors [46]. Independently of exogenous growth factors, all

agnospheres displayed the ability to self-sustain the expression of high levels of



transcription factors (TFs) known to be major regulators of self-renewal and stem
identity in normal and neoplastic tissues, such as Polycomb repressors [18,46] and
reprogramming TFs [19,20,46]. Overall, these data indicate that agnospheres are
enriched in cells with transcriptional traits typical of embryonal stem cells, mirrored by
functional clonogenic properties, which are fully self-sustained in the absence of
exogenous growth factors, thus behaving like “tumoroids” [29]. Such transcriptional
features are present also in CUP tissues, attesting to the faithful phenotypic
correspondence between the original tumors and the agnospheres, and indicating
that CUP tissues are highly enriched in stem-like cells as well. In addition, in
agnospheres and original CUP tumors, high and constitutive expression of MYC
family genes (c-MYC and/or N-MYC) occurs in the absence of MYC genetic
alterations. c-MYC is expressed in the agnospheres derived from the most
aggressive cases, diagnosed as “undifferentiated carcinomas” (see attachment 1). N-
MYC alone was highly expressed in the single neuroendocrine CUP examined,
consistently with its specific role in tissues of neuroectodermal origin [47].

We also evaluated the analogies between original CUP and the in vivo PDX
models obtained from subcutaneous transplantation of agnospheres. Thus, we
compared CUP immunohistochemical pattern and clinical progression with those of
PDX. To study tumor progression PDX were euthanized 10 days after subcutaneous
injection, and explanted organs were studied by ex vivo organ luminescence and
were also processed to obtain FFPE samples to evaluate the histology and the
number of metastases, if present. These are the main results:

(i) The immunohistochemical pattern of original CUP was maintained in PDX
tumor.
(i) Multiple metastases were detected in the same site/organs of metastases

observed in patients. Furthermore, dissemination occurred well before the tumor
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became palpable, suggesting that cells can initiate the process without prior local
expansion and, probably, without the induction of a pre-metastatic niche by an
already established tumor [18]. Such a rapid lymphogenous and hematogenous
widespread metastatization is rather uncommon when organoids obtained from other
aggressive carcinomas are transplanted subcutaneously. Overall, these findings
attest that agnospheres, in particular those from aggressive CUPs, retain a high
spontaneous and multi-organ metastatic ability, which recapitulates the CUP.

(i)  In PDX transplanted with aggressive agnospheres, metastatic burden was
letal within 4 months, and also in this case postmortem analysis showed multiple

metastatic sites in approximately 75% of mice.

B) We demonstrated that agnospheres and CUP-PDX were sensible to MEK1/2

inhibitor.

Agnospheres display high levels of constitutively phosphorylated MEK1/2. We
therefore reasoned that the multiple mechanisms sustaining agnosphere
autonomous proliferation should converge onto the MAPK pathway. CUP-PDX
obtained from three representative agnospheres (2 carcinoma and 1 neuroendocrine
carcinoma) were challenged with a selective, clinically approved, MEK1/2 inhibitor,
trametinib, used in BRAF-mutated melanomas [43,46,48]. In the two PDX (derived
from carcinoma), trametinib was effective and induced dramatic growth arrest within
4 to 10 days, accompanied by long-term inhibition of ERK1/2 phosphorylation, the
direct target of MEK1/2, and downregulation of c-MYC, known to be tightly regulated
by proliferative signals via the MAPK pathway [42,49]. This was accompanied by (i)
proportional downregulation of cMYC transcriptional target Cyclin D1, responsible for

G1-S cell cycle progression via CDK4/6-mediated pRB hyperphosphorylation, which
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was consistently reduced as well; (ii) stabilization of the cell cycle inhibitor p27-KIP1,

known to be prevented by c-MYC.

Histological analysis of Trametinib treated PDX tumors showed ample central
necrosis and a lower number and size of metastatic vascular emboli as compared

with controls.

C) We elaborated a “trametinib response signature” able to predict sensitivity to

trametinib.

To this aim, we correlated publicly available data on the trametinib response of
445 cancer cell lines (CCLs) with the respective gene expression profiles [36,37] A
specific “trametinib response signature” was identified. Agnospheres originated from
different tumors were then tested for this signature, which correctly anticipated the

response to trametinib and it was retrieved also in the matched patients’ tissues.

Finally, we analysed different synchronous metastases collected at warm autopsy
from a single patient (AGN43) [50], showing that all shared the “trametinib sensitivity
signature”. This finding adds to the previously shown genetic homogeneity of these
metastases [50] and suggests that, at least in some cases, the cell-autonomous
behavior of CUP stem- like cells may translate in remarkable biological homogeneity
and drug sensitivity across metastatic sites, with favorable implications for CUP

therapy.
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3.3AIM 3

[Attachment 3] Mutated axon guidance gene PLXNB2 sustains growth and invasiveness
of stem cells isolated from cancers of unknown primary. Brundu S, Napolitano V,
Franzolin G, Lo Cascio E, Mastrantonio R, Sardo G, Cascardi E, et al. EMBO Mol Med. 2023
Mar 8;15(3):e16104. PMID: 36722641

3.3.1 Summary and Discussion of the results

A) We have identified the overexpression of the axon guidance gene PLXNBZ2 in

CUP.

This study was conducted taking advantages of the CUP patient cohort
collected in our institution and of the previously obtained in vitro and in vivo models.
The data of whole exome sequencing (WES) of metastases in 14 CUP were analysed
to investigate whether any functional pathways were more frequently affected by
genetic changes. We found three subgroups: five tumors could be defined as
hypomutated (showing <50 genetic alterations per exome), six were normomutated
(showing 50 to 250 mutations), and three were hypermutated (having more than 106

mutations).

We comparatively analysed the status of genes clustered in 186 Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways and compared to datasets
derived from 33 different cohorts of patients with other tumor types from TCGA.
Based on 24 informative comparisons between tumors, some pathways were found
to be more frequently mutated in CUPs, among these the Axon Guidance pathway,
which is known for its emerging role in cancer progression and metastasis, beyond to
the fact that this pathway included PLXNA4, one of the most frequently mutated

genes in our CUP cohort.

To address the potential functional involvement of these mutated genes in the
CUP phenotype, we integrated WES analysis with gene expression profiling. We

identified three genes, of the Axon Guidance genes, highly expressed in all CUP:
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CXCR4, PPP3CA and PLXNB2.

A PLXNB2 mutation found in our CUP cohort, and not previously reported in
COSMIC, encoding the amino acid change p.G842C, was particularly interesting
based on our in silico structural analysis. Of note, this change was preserved in 14

independent metastatic lesions biopsied in the CUP patient AGN43.

We then decided to focus our study on the potential pathogenic role of this

mutant axon guidance receptor in CUP cells.

B. We demonstrated a new pathogenic role of G842C mutant axon guidance

receptor in CUP cells.

1B) The G842C mutation of PIxnB2 replaced a conserved residue in the extracellular
domain, with expected impact on receptor conformation. To predict the potential
detrimental impact of the G842C amino acid change in PIxnB2, the structure of this
protein was retrieved from the Alphafold database and three-dimensional model
structures of wild-type human plexin and the G842C variant. Molecular dynamics
simulations were then performed to test the system. We noted that the G842C
mutation results in a change in the native domain that causes destabilization of the

tertiary structure of the IPT3 domain.

G842C-PIxnB2 basically acts as a putative gain-of-function mutation, leading
to ligand-independent receptor activation in overexpressing cells. Knockdown of
G842C-mutated, but not wild-type, PIxnB2 impairs CUP cell viability, clonogenic

capacity, and tumorigenic growth in mice.

2B) To assess the functional relevance of the endogenous G842C-mutated PIxnB2
protein, we knocked down its expression in agnospheres derived from CUP patient
AGN43, presenting with multiple metastases and evaluated cell proliferation and

stem cell frequency. For comparison, we performed similar experiments in
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agnospheres derived from patients AGN901, AGN906, and AGNG67, which express
wild-type PIxnB2. Knockdown of PIxnB2 had no significant impact on the growth of
agnospheres carrying wild-type PIxnB2; in contrast, depletion of G842C-mutated
PIxnB2 in AS43 resulted in marked inhibition of cell viability and growth compared to
respective controls. In addition, G842C-PIxnB2 could impact tumor cell self-renewal
and tumorigenesis as shown by experiments using limiting dilution assays (LDA) and
gene silencing.

Based on the above findings, to better investigate the role of mutated PIxnB2 in tumor
progression, we generated agnosphere-derived from NOD-SCID mice tumor
obtained from AGN43 or AGN901 with PIxnB2-depleted and monitored tumor growth
by periodic calibration. Our results indicated that expression of G842C mutated
PIxnB2 is specifically required for the growth of AGN43-derived tumors. Indeed, while
we observed a marked reduction in tumor volume in PIxnB2-silenced PDX43 mice,
there was no significant difference between silenced and control tumors in PDX901
bearing wild-type PIxnB2, further suggesting that the G842C mutation promotes CUP

growth in vivo.

3B) We next aimed to identify the signalling mechanisms potentially responsible for
the promotion of CUP cell stemness, proliferation, and invasiveness by G842C-
mutated PIxnB2. Ligand-dependent PlexinB2 activity has previously been shown to
stimulate ErbB2 tyrosine phosphorylation and oncogenic signaling in breast cancer
cells [51]. In the previous study of our group [attachment 2] [50], we showed that the
EGFR tyrosine kinase is basally phosphorylated at low levels in CUP cells carrying a
wild-type PIxnB2 (AGN901, AGN906), whereas it is highly phosphorylated in AGN43
cells, carrying the modified G842C receptor. EGFR is an important oncogenic
promoter in human tumors, particularly in cases of gene amplification and
overexpression; however, AGN43 does not carry EGFR mutations or elevated
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expression, so we hypothesized that the presence of G842C-PIxnB2 might promote

its non-canonical activation.

First, we tested the impact of silencing mutated PlexinB2 in CUP AGN43 cells and
found that this resulted in a net decrease of EGFR tyrosine phosphorylation,
confirming that this altered axon guidance signal controls an important oncogenic
pathway in CUP cells. We then analyzed phospho-EGFR levels in basally unmutated
CUP cells (AGN906 and AGN901), after transduction of the wild-type or mutated
PIxnB2 isoform with G842C. Mutated plexin elicited significantly higher EGFR
phosphorylation, compared to controls. This indicates that G842C-PIxnB2 expression
is necessary and sufficient to support EGFR phosphorylation in CUP-derived
agnospheres. However, we were unable to obtain conclusive evidence on a
quantitative difference between the association of EGFR with mutated versus wild-
type PIxnB2. Our data suggest that the two receptors might interact in a dynamic
complex on the cell surface, which could enable trans-regulation of EGFR through
conformational changes driven by mutation in PIxnB2. Consistent with these findings,
cetuximab an inhibitor of EGFR signalling, produced inhibition of AGN43 cell viability
and clonogenic capacity, indicating that these cells are functionally dependent, in
contrast to wild-type PIxnB2 agnospheres. Thus, increased EGFR activity driven by
genetically altered PIxnB2 controls intracellular signalling and proliferative self-

sufficiency in CUP cells.

We finally investigated whether EGFR kinase activity might be responsible for
the increased invasiveness of CUP cells driven by overexpression of G842C-mutated
PIxnB2. The high invasiveness of CUP cells elicited by the PlexinB2 G842C mutant
isoform was almost completely abrogated by the EGFR inhibitor, indicating that the
PlexinB2 axon guidance receptor is functionally positioned upstream of the EGFR

kinase in the regulation of CUP cells.
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3.4 Ongoing analysis of PDL1 as marker of immunotherapy

CUP treatment is still empirical, and immunotherapy could be an option. The
standard marker used to enroll patient for immunotherapy is PDL1, analyzed by
immunohistochemistry [52]. In one study, using the Tumor Proportion Score (TPS),
defined as the number of positive tumor cells divided by the total number of viable
tumor cells multiplied by 100%, and a cutoff of >5% of PDL1 moderate (2+)
membranous positive expression in cancer cells, 22.5% of CUPs resulted to be PDL1
positive [28]. Using TPS and the same cut off, 25/29 (86%) CUP patients were
eligible to pembrolizumab treatment in a single phase 2 clinical trial. The study
showed encouraging clinical activity with an acceptable safety profile in patients with
previously treated CUP [53].

There are currently multiple different PD-L1 IHC assays that have been
developed as companion or complementary diagnostic assays for various
immunotherapy agents, each with varying antibody clones, IHC detection systems,
scoring cutoffs, testing of tumor cells vs. tumor-infiltrating immune cells, and
performance metrics. This has led to ongoing uncertainties regarding the ability to
interchange and cross-compare results between different testing platforms [54]

Taking advantage of the first objective of standardizing the workflow of CUP
diagnosis, we thought it would be useful to standardize the assessment of PD-L1 in
our CUP series using the PD-L1 antibody (Agilent clone 22C3) from the pharmDx kit
on Dako's Automated Link 48 platform. We stained the 15 out of 47 CUP cases
whose samples were still suitable for immunohistochemical analysis after the
appliying our workflow. To assess PDL1 expression, three different pathologists
applied the Combined Positive Score (CPS), which evaluates the number of cells
(tumor cells, lymphocytes, and macrophages) positive for anti-PD-L1 antibody among

all cells present and multiplies the result by 100. A CPS score > 1, considered
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positive, was reported independently by the three raters on the same seven cases.
Three of these cases were adenocarcinomas, 2 were squamous cell carcinomas and
2 were sarcomatoid carcinomas(Fig. 3). This preliminary result shows that a high
percentage of CUP express PDL1 at high level, reinforcing the possible response to

immunotherapy.

P D B, B W S e N kY / #7988  Fig. 3: PDL1- immunohistochemical expression

in CUP adenocarcinomas (A: negative B, C, D
positive); sarcomatoid CUP (E, F) and squamous
CUP (H).
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4 Conclusions

The discovery of metastatic cancer of unknown origin at the time of initial diagnosis is
a dramatic event for patients and a frustrating experience for clinicians due to the
lack of specific therapeutic options.

Therefore, we designed a multidisciplinary project to effectively diagnose CUP
and to establish reliable in vitro and in vivo models to study CUP genetic alterations
and to identify potential "drivers" as targets for personalized medicine.

First, using data collected from a real-life experience, we envisage a
streamlined pathological workup to rule out CUPs in patients presenting with
undefined primary origin (MUO) demonstrating that:

» standard histology is of crucial importance and primarily guides the diagnostic
process of MUO. We confirm that CUP cases are carcinomas and
adenocarcinomas are the most common histotype.

* MUO’s immunohistochemical analysis to exclude early metastatic cancer is
more effective and reduces tissue wastage when guided by histology and site
of metastasis and sex of the patient.

* A "putative immunophenotype", which retains some flavor of the possible
organ of origin, of CUP adenocarcinomas influences the progression of the
disease.

The Royal Collage of Pathologists stressed the importance of the histotype to
address immunohistochemical analyses correctly. The histotypes considered by
ESMO guidelines [6] are well- and moderately differentiated adenocarcinomas,
squamous cell carcinomas, carcinomas with neuroendocrine differentiation, poorly
differentiated carcinomas (including poorly differentiated adenocarcinomas), and

undifferentiated neoplasms. The same guidelines [6] indicate CK7 and CK20 as
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primary markers in the basic immunohistochemical workup of CUPs, followed by
other tissue-specific markers to recognize the tissue of origin. However, recently,
Pauli et al. [44] highlighted the challenge in identifying patients with CUP according to
ESMO guidelines. We think that our proposed diagnostic algorithm, although limited
by the small sample size, can guide the pathologist in the diagnostic process of CUP

and provide prognostic evidence in CUP patients.

Other important goals of the project that we achieved were:

* we obtain reproducible in vitro models, called "agnospheres", and in vivo CUP
mouse models derived from "cancer stem cells", which exactly replicate the multi-
organ metastatic pattern of CUP and retain the driver genetic alterations of the
original tumor.

» The WES analysis carried out did not find genetic changes in known
oncogenes or tumor suppressor genes consistently associated with CUP samples, in
agreement to previous evidence [9].

* Agnospheres rely on constitutively active MEK signaling, which confers
sensitivity to MEK inhibition in vitro and in vivo. The specific MEK1/2 inhibitor
Trametinib induced growth arrest and apoptosis. When, administered in vivo in PDX,
Trametinib halted the growth of experimental tumors, inducing necrosis and preventing
dissemination.

* Such sensitivity is associated with a transcriptomic signature predicting that
more than 70% of CUP patients could be eligible to MEK inhibition.

These results shed light on CUP biology and unveil an opportunity for therapeutic
intervention with Trametinib.

In an another line of investigation, the axon guidance pathway caught our attention,
due to its emerging role in cancer progression and metastasis dissemination.
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* In silico analysis highlighted PlexinB2 p.G842C mutation as particularly
intriguing. Indeed, wild-type PlexinB2 is implicated in the regulation of cancer cell
proliferation, invasiveness, and metastatic spreading [55], but PlexinB2 mutations
were never described before.

* The PlexinB2-G842C mutation is conserved in CUP in vitro and in vivo
models.

* The PlexinB2-G842C acts as a gain-of-function mutation promoting PlexinB2
signaling. Silence of PlexinB2-G842C expression results in a significant decrease of
stem cell frequency, in vitro proliferation and in vivo tumorigenicity, while PlexinB2-
G842C transduction increases proliferative rate and tumorigenicity indicating that this
mutation upregulates programs highly relevant for cancer progression.

* Finally, we demonstrated that PlexinB2-G842C can promote CUP cell

stemness, proliferation and invasiveness by sustaining EGFR activation.

The finding of mutations in axon guidance genes, PLXNB2 in particular, may provide
novel genetic biomarkers guiding CUP disease management. Moreover, the
identification of EGFR signaling deregulation, as functional consequence of the
aberrant activation of axon guidance pathways, may prompt the development of

novel therapeutic approaches for CUP patients carrying the implicated mutations.

Our project has led to important results in the diagnosis and biology of CUP and shed
light on the unexpected genetic alterations underlying the origin of CUP. The possible

transfer of these findings to patients is being studied to design specific clinical trials.
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Abstract

The aim of this study is to envisage a streamlined pathological workup to rule out CUPs in patients presenting with MUOs.
Sixty-four MUOs were classified using standard histopathology. Clinical data, immunocytochemical markers, and results of
molecular analysis were recorded. MUOs were histologically subdivided in clear-cut carcinomas (40 adenocarcinomas, 11
squamous, and 3 neuroendocrine carcinomas) and unclear-carcinoma features (5 undifferentiated and 5 sarcomatoid tumors).
Cytohistology of 7/40 adenocarcinomas suggested an early metastatic cancer per se. In 33/40 adenocarcinomas, CK7/CK20
expression pattern, gender, and metastasis sites influenced tissue-specific marker selection. In 23/40 adenocarcinomas, a
“putative-immunophenotype” of tissue of origin addressed clinical-diagnostic examinations, identifying 9 early metastatic
cancers. Cell lineage markers were used to confirm squamous and neuroendocrine differentiation. Pan-cytokeratins were used
to confirm the epithelial nature of poorly differentiated tumors, followed by tissue and cell lineage markers, which identified
one melanoma. In total, 47/64 MUOs (73.4%) were confirmed CUP. Molecular analysis, feasible in 37/47 CUPs (78.7%),
had no diagnostic impact. Twenty CUP patients, mainly with squamous carcinomas and adenocarcinomas with putative-
gynecologic-immunophenotypes, presented with only lymph node metastases and had longer median time to progression and
overall survival (<0.001), compared with patients with other metastatic patterns. We propose a simplified histology-driven
workup which could efficiently rule out CUPs and identify early metastatic cancer.

Keywords Malignancies of undefined primary origin (MUO) - Cancer of unknown primary (CUP) - Immunohistochemistry - Tissue of origin - Carcinoma

Introduction

The finding of a metastatic cancer at the time of first diagnosis

Alberto Pisacane and Eliano Cascardi contributed equally to this is a dramatic event for patients and at the same time a frus-
work. . . R . .

trating experience for clinicians. It is currently estimated that,

* Eliano Cascardi despite many efforts, in about 3% of metastatic patients, the tis-

eliano.cascardi@ircc. it sue of origin of the neoplastic lesion remains unknown; hence,

the patient is regarded as harboring a cancer of unknown pri-
mary (CUP) [1]. However, CUP diagnosis requires an exten-
sive clinical, instrumental, and pathological workup before
being confirmed [2]. The NICE guidelines distinguish indeed
“Malignancy of Undefined primary Origin (MUO)” and “pro-
visional” CUP that is “confirmed” only if “no primary site is
detected despite selected initial screen of investigations, spe-
cialist review, and further specialized investigations as appro-
priate” [2]. Regrettably, when receiving cases in consultation
or patient-initiated second opinion, the pathologists are not
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always informed whether the case is a MUO or a provisional
CUP. The Royal Collage of Pathologists [3], aligning with
NICE recommendations, declared crucial a stepwise approach
that uses clinical context, morphology, immunohistochemistry,
and, occasionally, other techniques including molecular analy-
sis to confirm or exclude CUP. Gene expression profiling [4]
and epigenetic profiling [5] have been introduced de facto with
the purpose of unmasking the tissue of origin. Although these
studies provided encouraging data, the implementation of such
methodologies is far from being prime time in clinical practice,
and pathologists are still expected to find the tissue of origin
using standard immunohistochemistry (IHC). This pressure
leads pathologists to look for the tissue of origin by testing
many different tissue-specific markers, which frequently do
not resolve the diagnostic problem and waste small specimens,
which should otherwise be preserved for high throughput
molecular analyses possibly useful for therapeutic decision.
The Royal Collage of Pathologists stressed the importance of
the histotype to address immunohistochemical analyses cor-
rectly. The histotypes considered by ESMO guidelines [6]
are well- and moderately-differentiated adenocarcinomas,
squamous cell carcinomas, carcinomas with neuroendocrine
differentiation, poorly differentiated carcinomas (including
poorly differentiated adenocarcinomas), and undifferentiated
neoplasms. The same guidelines [6] indicate cytokeratin-7
(CK7) and cytokeratin-20 (CK20) as primary markers in the
basic immunohistochemical workup of CUPs, followed by
other tissue-specific markers to recognize the tissue of origin.
However, recently, Pauli et al. [7] highlighted the challenge in
identifying patients with CUP according to ESMO guidelines.
Taking all these issues in mind, we decided to consider
the real-world approach followed by pathologists to con-
firm or to exclude a CUP diagnosis and examine how much
standard histology can be of aid in this process. Using the
classical cyto-histological criteria of different carcinoma his-
totypes, we reclassified a retrospective series of MUOs and
recorded the THC tests used to study the tissue of origin. We
recognized that adenocarcinomas may show some “flavor”
of tissue of origin representative of putative immunopheno-
types. These latter are suitable to direct targeted investiga-
tions to rule out early metastatic cancer. Finally, we analyzed
whether CUP histotypes and putative immunophenotypes of
adenocarcinomas in the context of distinct clinical presenta-
tions could be associated with specific pathways of disease
progression and patient survival.

Materials and methods
Cohort

Sixty-four patients 38 women (59.4%) and 26 men (40.6%)
with an MUO diagnosis were referred to the Candiolo

Cancer Institute FPO-IRCCS (Candiolo, Italy) between 2013
and the first trimester of 2021. The samples were obtained
using cytological procedures, core biopsies, and excisional
biopsy. One patient (AGN43) gave premortem consent to
warm autopsy, and multiple samples were obtained [8].
Patients with hematological malignancies were excluded a
priori. Symptom-directed endoscopy and additional imag-
ing were performed if required, according to guidelines
[9]. Of note, 34/64 patients performed also PET analysis
together with other imaging procedures (CT scans). The site
of metastases at disease diagnosis was recorded. PET analy-
sis was never resolutive in suggesting the most likely site
of origin of the tumor. If only lymph node metastases were
present, the number of lymph nodes (single or multiple), the
specific lymph node affected, and the lymph node regional
localization whether superficial or deep and sub- or supra-
diaphragmatics were recorded.

The study was approved by the local ethical commit-
tee. Written informed consent was obtained by all patients
(AGNOSTOS PROFILING n 010-IRCC-10IIS-15 and
upgrade, approved by the ethical committee of FPO-IRCCS
Candiolo Cancer Institute). Patients with diagnosis of con-
firmed CUP were proposed to be enrolled in AGNOSTOS
trial (EudraCT Number: 2014-005,018-47), a phase II, rand-
omized, multicenter study to assess the efficacy of nab-pacli-
taxel-based in association with gemcitabine or carboplatin
as first-line therapy.

Histological and immunohistochemical (IHC)
analyses

Slides were reviewed by two pathologists (AP and EC).
Similarly to other grading system [9], all cases were graded
adopting a scoring system applied to the following param-
eters: (i) gland formation in any of the architectural variants
(e.g., tubular, alveolar, acinar, follicular, papillary) or intra-
cellular mucin in adenocarcinoma, keratinization features
in squamous carcinomas, and nests or insular or trabecu-
lar growth of cells in NE cancers (score 1: > 75%; score 2:
10-75%; score 3: 1-9%); (ii) mitotic index evaluated in 10
fields of 1 mm? (score 1: 05 mitoses; score 2: 6—10 mitoses;
score 3: > 11 mitoses); and (iii) nuclear pleomorphism
defined as variation in size and shape of nuclei (score 1:
minimal nuclear pleomorphism; score 2: moderate nuclear
pleomorphism; score 3: marked nuclear pleomorphism). The
cut-offs for grading were set as follows: grade 1 score 1-5;
grade 2 score 6-7; grade 3 score 8-9.

When cases were received for second opinion with IHC
for tissue-specific markers already performed, the slides
were reviewed by the local dedicated pathologist (AP), and
the IHC was repeated, or new markers were tested if deemed
necessary, and the residual material was adequate. Nuclear,
cytoplasmatic, or membrane expression of tissue-specific
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markers and of cell lineage markers were scored, indepen-
dently from staining intensity, as follows: score 0 = < 5% of
neoplastic cells stained; score 1 = 5-10% of neoplastic cells
stained; score 2 = 11-50%; and score 3 > 50% of neoplastic
cells stained.

Molecular analysis

When we initiated the AGNOSTOS trial, we offered to CUP
patients the ONCOCARTA Gene Panel version 0.1 (Agena
Bioscience, Hamburg, Germany) that includes known drug-
gable hotspot mutations of ABLI, AKTI, AKT2, BRAF,
CDK4, EGFR, ERBB2, FGFRI, FGFR3, FLT3, HRAS,
JAK2, KIT, KRAS, MET, NRAS, PDGFA, PIK3CA, and RET
genes.

Cellularity was the parameter considered for specimen
adequacy. DNA was extracted GeneRead DNA FFPE Kit
(Qiagen, Hilden, Germany) from four 7-um-thick slides
that were hematoxylin and eosin stained and microdissected
under a stereomicroscope to enrich for tumor cell content.
DNA samples were quantified with spectrophotometric
(Nanodrop 1000, Thermo Fisher Scientific, Waltham, MA,
USA) and fluorometric (Qubit, Thermo Fisher Scientific,
Waltham, MA, USA) assays. Mutational analysis was per-
formed by using the mass spectrometry matrix-assisted laser
desorption ionization time-of-flight method with the Mas-
sARRAY System (Agena Bioscience, Hamburg, Germany)
and the ONCOCARTA as reported above.

Statistical analysis
Data were analyzed with IBM SPSS Statistics, Version
20.0. (IBM Corp Armonk, NY, USA). Contingency tables

with the chi-squared test were applied to infer proportions
between groups. Overall survival (OS) was evaluated by

Table 1 Histotype, architecture, cell features, and grade of 64 MUO

the Kaplan—Meier method and analyzed with the log-rank
test. Surviving patients were censored at the date of the last
follow-up. A p <0.05 was considered statistically significant.

Results
MUO histotype definition

Tumor histotype, standard morphological parameters, and
grade of the 64 MUOs are reported in Table 1. Fifty-four
(84.4%) cases showed clear-cut cytohistological features of
carcinoma. Of these, 40 (74%) were classified as adenocar-
cinoma, 11 squamous (20.3%), and 3 neuroendocrine car-
cinomas (5.5%). Ten cases (15.6%) did not show clear-cut
features of epithelial malignancy; 5 of these (50%) were
classified as undifferentiated tumors and 5 as sarcomatoid
tumors (50%).

Of the 54 cases defined at histology as carcinomas, the
majority were either G3 (53.7%) or G2 (37%), while 9.3%
were G1 (p <0.01) compared to the undifferentiated and sar-
comatoid tumors, which were consistently classified as G3.

Immunohistochemical workup
MUOs with clear-cut carcinoma histology

Adenocarcinomas were the most represented (n = 40/64,
62.5%) and required relatively extensive immunohistochemi-
cal analysis to formulate the diagnosis of provisional CUP
and then exclude the presence of a primary tumor by imag-
ing to reach the diagnosis of confirmed CUP [2, 10]. Women
and men were 27 (67.5%) and 13 (32.5%), respectively, with
a trend of significance for higher women representation com-
pared with the non-adenocarcinoma CUPs (p = 0.087).

No of cases (%) Histotypes Architectural and cell features Gl (%) G2 (%) G3 (%)
54 (84.4) Clear-cut features of carcinoma
40 (74) Adenocarcinoma Glandular structures in any of the architectural variants (tubular, 6 (15) 15(37.5) 1947.5)
alveolar, acinar, follicular, papillary) or intracellular mucin
11 (20.3) Squamous cell carcinoma  Solid clusters, sheet-like patterns. Variable keratinization and 0(0) 4 (36.4) 7(63.6)
absence of gland-like structures
3(5.5) Neuroendocrine carcinoma “Organoid” growth patterns (i.e., trabecular, insular, or sheet-like 0 (0) 0 () 3 (100)
patterns either singly or in combination). Peripheral palisad-
ing may be seen. Round or oval nuclei with “salt and pepper”
chromatin
10 (15.6) No clear-cut features of carcinoma
5 (50) Not otherwise specified Solid growth of epithelioid cells, absence of gland-like structures 0 (0) 00 5 (100)
(NOS)/undifferentiated or keratinization
tumor
5 (50) Sarcomatoid tumors Solid growth of elongated or pleomorphic cells 0 (0) 0(0) 5 (100)
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Histological revision identified 7/40 (17, 5%) early meta-
static adenocarcinomas. Two lobular breast cancers (AGN40
and EMO01/14.15, liver (Fig. 1A) and ovary (Fig. 1B) metas-
tases, both resulted CK7 + /CK20 - and estrogen receptor
(ER) score 3. Microfollicular structures were identified on
deeper histological sections of a single metastasis in a lat-
ero-cervical lymph node, diagnosed at another institution
as CUP, TTF1 + (CUP17/8.15) (Fig. 1C). Thyroglobulin
expression further confirmed the thyroid origin. AGN336
patient was incidentally discovered with lung and liver local-
izations after a CT scan for SARS-CoV2 infection. The liver
core biopsy was sent to our institution for consultation as
“adenocarcinoma ER/TTF-1/GATA3/CDX2 negative, pos-
sible CUP.” Based on the morphology of well-differentiated
glands in sclerotic stroma, a diagnosis of “intrahepatic chol-
angiocarcinoma” (Fig. 1D) with lung metastases was given,
and the patient was treated accordingly. The tumor was
CK7 +/CK20 - /ER — and DOG-1 score 1. AGN329 patient
presented with a single localization within the ileo-psoas
muscle; her biopsy was sent to our service for consultation
as CUP, vimentin score 1+, and calretinin — /SOX10 -/
CDI10 - . Based on morphology (Fig. 1E), we suspected a
gynecologic origin, which was confirmed by ER, PAXS,
and WTI positivity. The patient had an endometrial biopsy
diagnosed as G1 papillary endometrioid carcinoma of the
uterus, and the case was reclassified as early metastatic car-
cinomas. AGN343 patient had a pseudomyxoma peritonei
(CK7-/CK20 score 3+/CDX2 score 3/SABT2 score 1, and
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Fig. 1 Cytohistological patterns suggestive of tissue of origin. A
AGN40 liver and B EM01/14.15 ovary biopsies of lobular breast can-
cer metastasis; C CUP17/8.15 latero-cervical lymph node biopsy of
follicular thyroid carcinoma; D AGN336 liver biopsy of intrahepatic

ER — /PAX8 — /WT1 -); she underwent right and transversal
colectomy during debulking, but neither primary cancers
nor polyps were identified. Pancreas and stomach were not
affected by any lesion. The patient was treated as carrying
a tumor of colorectal origin KRAS mutated (see Fig. 6,
ONCOCARTA result). In AGN52, biopsy of a bone metas-
tasis showed signet ring cells at histology (Fig. 1F). WT1
and CDX2 showed both score 1 expression, and TTF1 was
negative. The histology-driven endoscopy detected a pri-
mary gastric adenocarcinoma.

The remaining 33/40 adenocarcinomas were all tested
using anti-CK7/CK20 antibodies. Thirty-eight other IHC
markers, used in different combinations by pathologists,
were recorded in this set. We selected the immunostaining
score values of the 10 most recurrent tissue-specific markers
to produce a heatmap (Fig. 2) and to evaluate their impact
on ruling out CUP diagnosis. A “putative immunopheno-
type” of potential tissue of origin was suggested based on
the results of tissue-specific markers. Except for CK7, the
expression score was generally lower in confirmed CUPs
than in non-CUP cases.

In 10/33 cases (30, 3%) (3 women and 7 men), none of
the markers was convincing for any “flavor” of tissue of
origin (undefined immunophenotype), nor any instrumen-
tal examination ratified a primary tumor, directly leading
to the definition of confirmed CUPs. One of these patients
(AGNO913) had biopsies of obturator and retrocaval lymph
nodes 2 years apart that maintained the same “undefined

cholangiocarcinoma; E AGN329 ileo-psoas muscle biopsy of Gl
papillary adenocarcinoma metastases; F AGN52 bone biopsy of sig-
net ring cell gastric cancer metastasis
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Fig. 2 Heat map of tissue-specific marker scores in MUO adenocar-
cinoma. Heat map depiction of immunohistochemical scores of the
most representative tissue-specific markers used in the diagnostic
workflow. Data are sorted based on the “putative” immunophenotype
(IHC phenotype). Each row represents one case. Columns represent
patient identification code (ID), site of biopsy, patient age, patient
gender (female: F, male: M), tumor grade (grade 1, grade 2, grade 3),

profile” (CK7 + /CK20 — /ER — /TTF1 — /GCDFP15 score 1).
AGN43 has been described previously [8]. During “warm
autopsy,” samples of different anatomical sites of metasta-
ses were collected, and 16 different tissue-specific markers
were performed, but none of them were useful to define the
primary tumor.

In the remaining 23/33 (69.7%) adenocarcinomas, all
tested for CK7/CK20, a putative immunophenotype was
suggested setting the premises for further diagnostic explo-
ration in related organs. Following imaging and/or endos-
copy guided examinations, in 9/33 (27.2%) cases, an early
metastatic tumor was found, while in the remaining 14/33
(42.4%), the primary was not found, leading to the diagnosis
of confirmed CUP.

All CK7 +/CK20 — and CK7 + /CK20 + biopsies from
women were tested for estrogen receptors (ER). CK7 + /
CK20 - /ER + immunophenotype per se, independently from
the ER THC score, identified 2 out of the 6 early metastatic
breast cancers. GATA3 was considered as a breast cancer
marker in CK7 +/CK20 — /ER — female adenocarcinomas,
and other 2 early metastatic breast cancers were identified.
In both CK7 + /CK20 - /ER + (1 case) and CK7 + /CK20 +/
ER + (2 cases) adenocarcinomas, PAX8/WT1 expression

NAPSIN  GATA3 GUDEP-15  PAXS WT1 CDX2 DOG1

SATB-2  THC Phenotype curiem
Breast EM
Breast M
Breast EM
Breast M
3 EM
[BY]
cur
[BY]
cur
cur
cur
cur

Undelined cor

immunohistochemical scores of tissue-specific markers (IHC score):
0=<5% of neoplastic cells stained; 1=5-10% of neoplastic cells
stained; 2 = 11-50%; 3 =>50% of neoplastic cells stained; white
fields: not performed; confirmed cancer of unknown primary (CUP)/
early metastatic cancers (EM). (AGN913)*two biopsies of the same
patients

was performed to rule out gynecological cancers. All cases
showing a putative gynecologic immunophenotype were
diagnosed as confirmed CUP.

In CK7 + /CK20 — male and in CK7 + /CK20 -/
ER - female adenocarcinomas, TTF1 and/or napsin A were
the first option, to exclude the lung origin. If TTF1 and or
napsin A were positive (4 cases), pathologists generally did
not proceed with other markers. Positron emission tomogra-
phy (PET) and computed tomography (CT) scan confirmed
a possible primary lung cancer in 3 patients, and they were
studied for treated consequently.

In CK7 +/CK20 + /ER — and in CK7 +/CK20 — cases,
CDX2/DOGT1 expression suggested a putative biliopancre-
atic immunophenotype. Two out of seven cases resulted to
be early metastatic cholangiocarcinomas.

In squamous cell and neuroendocrine carcinomas, 24 and
12 different IHC markers were tested, respectively; none
were useful to rule out CUP, but only to confirm the cell
lineage differentiation of the tumor (Fig. 3A and B). Only
the brain biopsy of AGN331 was p16 positive out of 4 squa-
mous carcinomas tested, suggesting a possible HPV-related
cancer of the upper respiratory or genital tract, which was
not confirmed at further examinations.
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A p Site of biopsy Age Gender Grade CK7 CK20 p63 p40 pl6 CK5 CUP/EM
AGN51 LN axilla 75 M 2 cur
AGNG60 LN axilla 62 M 3 cup
AGN63 LN supraclavicular 55 M 3 cup
AGN906 LN axilla 68 I 3 cur
CUP03/10,14 Liver 59 M 2 cur
AGN325 LN supraclavicular 72 F 2 cup
AGN331 SNC 69 F 3 cur
AGN335 LN axilla 71 M 3 cup
AGN341 LN axilla 82 I 3 CupP
AGN342 LN axilla 72 F 2 cup
AGN344 Liver 73 M 3 cur
B 1D Site of biopsy Age Gender Grade CK7 CK20 SYN Chr-a NSE CD56 CUP/EM
AGN47 LN inguinalfiliac 42 F 3 cur
CUP20/11.5 Breast 71 M 3 cur
CuUPr07/14.14 Bone Marrow 35 M 3 cur
IHC score O 1 2 M3 JNotdone

Fig. 3 Heat map of tissue-specific marker scores in squamous and
neuroendocrine carcinomas. Heat map depiction of immunohisto-
chemical scores of the most representative tissue-specific markers
and cell lineage markers used in A squamous carcinoma and B neu-
roendocrine carcinoma. Results are not sorted. Each row represents
one case. Columns represent patient identification code (ID), site of

MUOs with unclear carcinoma histology

Undifferentiated tumors (2 women and 3 men) were inves-
tigated with an extensive panel of cytokeratins to confirm
their epithelial nature and then with different tissue-specific
and cell lineage markers (18 different markers). Excluding
the laparoscopic omental biopsy of an undifferentiated tumor
expressing Melan A, S100, chromogranin A, and synapto-
physin, which led to the endoscopic identification of an
intestinal melanoma with aberrant neuroendocrine differ-
entiation, the other cases lacked any tissue-specific marker
and were confirmed as CUPs (Fig. 4A). Sarcomatoid tumors
were primarily studied with pan-cytokeratins to exclude not
epithelial cancers. Fifteen other markers were used; none
of them were useful to identify/suggest a tissue of origin
(Fig. 4B).

Age Gender Grade ALLALZ MNITII6  VIM CK7 CK20 CK5 TTF1

13} Site of biopsy  Age Gender Grade €K7  MNF-116 AEI-AE3 CAM52  VIM AR
willa 3 Al 3

NAFSIN MELANG  S100

PAXSWIT MELAN G S100 ER TTF1

biopsy, patient age, patient gender (female, male), tumor grade (grade
1, grade 2, grade 3), immunohistochemical scores of tissue-specific
markers (IHC score): 0 = < 5% of neoplastic cells stained; 1 =5-10%
of neoplastic cells stained; 2 = 11-50%; 3 = > 50% of neoplastic cells
stained; white fields: not performed; confirmed cancer of unknown
primary (CUP)/early metastatic cancers (EM)

Histology-driven algorithm for MUO diagnosis

Taking into consideration the results described above, we
designed a 4-step workup (Fig. 5).

This algorithm considers “histology” as the guiding
parameter of the diagnostic cascade of MUOs, with the
intent to define those with clear-cut carcinoma character-
istics. This first step followed the definition of the specific
tumor histotype in the two sets of MUOs. In adenocarci-
nomas, cytohistological features per se solved MUOs ori-
gin in 7/17 cases, identifying 41% of early metastatic can-
cers. If no pathological characteristic of a specific organ
has been recognized, in adenocarcinomas, the expression
of CK7/CK20, along with the sex and site of metastases,
headed to the selection of specific IHC markers to define
an alleged source tissue immunophenotype, which in turn

GATA3 ER CDX2 WT1 DOG1 Chr-a Syn PSA CUPEM

=
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AGN32 N

AGN339 N avilla
N N anill M
AGNHS Parasternal 7 M

|=

- " cup
cup
cur

| cur
| cup

Fig. 4 Heat map of tissue-specific marker scores in undifferentiated
and sarcomatoid tumors. Heat map depiction of immunohistochemi-
cal scores of the most representative tissue-specific markers and cell
lineage markers used in A undifferentiated and B sarcomatoid tumors.
Results are not sorted. Each row represents one case. Columns rep-
resent patient identification code (ID), site of biopsy, patient age,
patient gender (female, male), tumor grade (grade 1, grade 2, grade
3), immunohistochemical scores of tissue-specific markers (IHC
score): 0= <5% of neoplastic cells stained; 1=5-10% of neoplas-
tic cells stained; 2 = 11-50%; 3 = > 50% of neoplastic cells stained;
white fields: not performed; confirmed cancer of unknown primary
(CUP)/early metastatic cancers (EM)
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Fig. 5 Workup of MUOs. A 4-step workup is shown. Ist step: dif-
ferentiation of MUOs in clear-cut and not clear-cut carcinomas. 2nd
step: definition of the histotype. 3rd step: selection of specific immu-
noistochemical (IHC) tissue markers based to the results of step 2. 4th

guided targeted diagnostic investigations. This pathway led
to identify 9/17 (53%) early metastatic adenocarcinomas. In
squamous and neuroendocrine carcinomas, the site of metas-
tases and the patient gender were not considered to posit a
tissue of origin, and each patient was studied with PET and
CT. All were diagnosed as confirmed CUP. The epithelial
nature of cancers without clear features of carcinoma was
tested using many different pan-cytokeratins and other mark-
ers of cell differentiation, which identified one melanoma
(5.8% of early metastatic cancers).

Comparison of clinical and pathological
characteristics of confirmed CUP and early
metastatic carcinomas

Of the 64 MUOs, 47 (73.4%) were confirmed CUPs, and 17
(26.5%) were early metastatic cancers. Histotype (p = 0.045),
grade (p = 0.04), and putative immunophenotype (p =0.01)
were significantly different between confirmed CUP and
early metastatic cancers, as shown in Table 2.

CUP genetic analysis by ONCOCARTA

The oncoprint in Fig. 6 summarizes the genetic analysis
by the ONCOCARTA gene panel that explores more than
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step: selection of the diagnostic exploration in related organs or com-
prehensive imaging to confirm the diagnosis of CUP or early meta-
static cancer (EM)

230 somatic mutations across 19 actionable oncogenes fre-
quently mutated in human cancers.

The leftover of FFPE tissue after the IHC study was ade-
quate for molecular analyses in 37/47 CUP cases (78.7%).
Twelve out of the 37 cases (36%) showed at least one muta-
tion; 10 of these were adenocarcinomas, 1 was SSC, and 1
was sarcomatoid carcinoma. The remaining 25 CUPs did not
show any detectable alterations. KRAS and PI3KCA were the
most frequently mutated genes and accounted for 75% of all
the identified alterations. KRAS, BRAF, NRAS, and PIK3CA
mutations were found with a mutually exclusive pattern.
When subdividing by CUP histological type, the adenocar-
cinoma was the most frequently mutated (10/12 samples); in
addition, only adenocarcinomas harbored KRAS mutations.
The most mutated immunophenotypes of adenocarcinomas
were the undefined (1 KRAS; 2 PIK3CA, and 1 BRAF) and
the biliopancreatic (2 KRAS and 1 BRAF), followed by the
gynecological immunophenotype (1 case with concomitant
KRAS and PDGFRA missense mutation and 1 with PIK3CA
mutation). The pseudomyxoma peritonei with intestinal
immunophenotype (AGN343) showed KRAS mutation. One
sarcomatoid carcinoma (AGN323) showed NRAS mutation.
One SCC showed co-occurrence of a PIK3CA and a HRAS
mutation. CUPs showing NE differentiation were wild type
for the evaluated genes. No specific correlation was found
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Table 2 Clinical and 47CUP  17EM  pvalue (95% CI)
pathological comparison
of confirmed carcinoma of N % N %
unknown primary (CUP) and
early metastatic cancers (EM) Gender Women 26 5531 12 7085 p=0.52
Men 21 4468 5 2941
Age 1-34 2 425 2 11,76 p=0.39
35-70 35 7446 11 64.70
71-96 10 2127 4 2352
Histotype Adenocarcinomas 24 51.06 16 94.11 p=0.041
Squamous carcinomas 11 2340 0 O
Neuroendocrine carcinomas 3 638 0 0
Sarcomatoid tumors 5 1063 0 O
Undifferentiated tumors 4 851 1 588
Grade Low 1 212 5 2941 p=0.04
Intermediate 16 34.04 3 17.64
High 30 63.82 9 5294
Putative immunophenotype of  Biliopancreatic 6 25 3 1875 p=0.01
adenocarcinomas Breast 0O 0 6 375
Gynecological 6 25 1 625
Lung 2 833 3 1875
Thyroid 0 0 1 625
Stomach 0 0 1 625
Intestine 0 0 1 625
Undefined 10 4166 0 O
Site of metastases at diagnosis Lymph node 21 4468 3 1764 p=0.17
Lymph node and others* 19 4042 9 5294
Others* 7 1489 5 2941
Number of metastases Single 8 17.02 4 2352 p=045
Multiple 39 8297 13 7647

Others: visceral and/or bone and/or muscle and/or brain site of metastasis

between specific mutations and immunophenotype, sex, his-
tological grade, or survival status.

Clinical impact of CUP
histology and
immunophenotype

It is known that CUP patients with only lymph node metas-
tases have a better OS [11]. Thus, we focused on confirmed
CUP patients and assessed the site of first metastases, the
site of progression, and their possible correlation with the
histotype and, in the case of adenocarcinomas, with the puta-
tive immunophenotype (Tables 3 and 4).

Specifically, squamous cell carcinoma histotype and
the “gynecologic immunophenotype” within adenocarci-
nomas presented frequently with lymph nodes as the solely
involved organs. None of the patients within the “bilio-pan-
creatic” and “lung immunophenotype” of adenocarcinomas
presented with lymph node involvement only. Patients with
“undefined immunophenotype” of adenocarcinomas, undif-
ferentiated, and sarcomatoid carcinomas frequently pro-
gressed, independently from the anatomical site of cancer

at diagnosis. Altogether, 20/47 (42.5%) confirmed CUP
patients had only lymph node metastases at first diagnosis,
while 27 (57.5%) had metastases elsewhere (visceral and/
or bone and/or muscle and/or brain) with or without lymph
node involvement (Table 3) (Supplementary Figs. 1A and
B). The time to organ progression other than lymph nodes
or death for the disease was 6.4 months longer in patients
with lymph node metastases only, independently from the
number of lymph node involved and the regional location.
Finally, the patients with only lymph node metastases at
first diagnosis had a significantly longer OS (< 0.001),
independently again from the number of lymph node
involved and the regional location (sub- or supra-diaphrag-
matic) (Fig. 7).

Discussion
Using the data collected from a real-life experience, we

here envisage a streamlined pathological workup to rule out
CUPs in patients presenting with MUOs.
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Histology Status
B ADK Alve
B NEC Dead
NOS
Sarcomatoid
B Squamous
Phenotype

Bilio-pancreatic
Gynaecologic
Intestinal

B Lung

B NEC
Sarcomatoid
Squamous

B Undefined

Gender

Female
Male

Grade

WA -

ant/sample. Histology, phenotype, gender, tumor grade, and alive sta-
tus are annotated at the bottom of the plot. ADK: adenocarcinoma,
NEC: neuroendocrine carcinoma, NOS: not otherwise specific or

Lymph node localization of CUP at diagnosis

No progression/lymph ~ Months of FU Other organs Months of FU
node progression only progression/
death

CUP Total N° N° % N° Range Mean  N° Range Mean
Adenocarcinoma immunophenotype
Gynecologic 6 4 66 4 11.5-78  29.6 0 - -
Lung 2 0 0 0 - - 0 - -
Biliopancreatic 6 0 0 0 - - 0 - -
Undefined 10 4 40 1 - 104 3 13-47.2 314
SCC 11 7 70 3 74-145 10,1 4 18.349.7 267
NE carcinoma 1 333 1 - 65 0 - -
Sarcomatoid carcinoma 5 3 60 1 - 9 2 5.3-11 8
Undifferentiated carcinoma 4 1 25 0 - - 1 - 14
Total 47 20 425 10 435 10 20

SCC squamous cell carcinoma, NE neuroendocrine
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Table 4 Evolution of CUP with any localization (with or without lymph node) at diagnosis

Any localization of CUP at diagnosis with or without lymph node metastases

No progression/lymph ~ Months of FU Other organs pro- Months of FU

node progression only gression/death
CUP Total N° N° Yo N° Range Mean N° Range Mean
Adenocarcinoma immunophenotype
Gynecologic 6 2 33 0 - - 2 1.3-8.5 4.9
Lung 2 2 100 0 - - 2 6.0-16 11
Biliopancreatic 6 6 100 0 - - 6 3.2-21 12,8
Undefined 10 6 60 0 - - 6 0-18.5 6,2
ScC 11 4 30 3 3-195 93 1 - 50
NE carcinoma 2 66.7 O - - 2 3.4-18.5 109
Sarcomatoid carcinoma 5 2 40 1 - 35 1 - 4
Undifferentiated carcinoma 4 3 75 1 - 3.6 2 42-145 9
Total 47 27 574 5 54 22 13.6

SCC squamous cell carcinoma, NE neuroendocrine

MUO reviews [12—16] and guidelines [2, 3, 6] are con-
tinuously refined, with the aim of defining a diagnostic
workup capable of approximating the tissue of origin
as closely as possible to better guide therapeutic deci-
sions. With this aim, the CUPISCO trial should have pro-
duced a comprehensive genomic profile of patients car-
rying unfavorable CUPs, to identify possible targets of
gene therapy [17]. One of the reasons for the failure of
the CUPISCO study was the inadequacy of residual tis-
sue after histopathological diagnosis for high throughput
molecular analyses [18]. In the present series, the tissue
leftover after immunohistochemical analyses was inad-
equate for molecular analyses in 21% of the CUP cases.

Fig. 7 Overall survival (OS)
analysis. OS survival curve for 1.0
CUP patients, stratified for the
site of the lesion onset (lymph
nodes only versus all other sites
with or without lymph node
involvement). CUP patients who
had only lymph node metastases
at first diagnosis had a signifi-
cantly longer overall survival
(<0.001) than the patients who
had metastases elsewhere (vis-
ceral and/or bone and/or muscle
and/or brain) with or without
lymph node involvement

0.8

0.6

0.4

Cumulative Survival

0.2

Another reason of the CUPISCO trial failure was that 10%
(13/124) of cases included among unfavorable CUP, at
central review turned out as non-carcinoma malignancies
[18]. In the present study, undifferentiated and sarcoma-
toid tumors represented 16.7% of MUOs and were mainly
tested with different CK antibody panels to confirm their
epithelial differentiation. The sarcomatoid tumors were
all positive with at least two pan-cytokeratin antibodies
and considered carcinomas, although some positivity for
vimentin could be observed. On the other hand, aberrant
focal expression of cytokeratin has been reported in mela-
noma and sarcomas [15]. The single case of melanoma,
representing 1.5% of MUOs, was CK-negative and positive

~I“1Lymph Node
~I10ther

| p<0.001
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for Melan-A and S100. In the CUPISCO trial, the misdiag-
nosis of CUP due to melanomas and sarcomas represented
1.6% and 5.6%, respectively, of the failure cases [18].

The Royal Collage of Pathologists recommends then
testing samples with antibodies reactive with germ cell
tumors [3]. Accordingly, with NICE guidelines [2], we
think that patient age, site of metastases, and serum tumor
markers such as alpha-fetoprotein, human chorion gonad-
otropin, and lactate dehydrogenase [19, 20] may be more
effective in the diagnosis of germ cell origin than tissue
immunophenotyping.

Once carcinomas are identified, the final step recom-
mended by the guidelines [3] is to determine the likely tissue
of origin. Belizzi AM [21] reported that through the appli-
cation of next-generation immunohistochemistry, patholo-
gists can provide better answers than ever before. The author
stressed the role of tumor morphology in leading the CUP
diagnostic workflow, together with the acknowledgement
that the metastatic site helps tracking the primary lesion.
Above all, when lymph nodes are the exclusive site of metas-
tases, it is essential to consider the organs that drain to those
lymph nodes as a possible site of origin of the tumor [22].
Actually, the NICE guidelines [2] recommend to manage
metastatic squamous carcinoma in cervical lymph nodes as
being of head and neck origin and those in inguinal lymph
nodes as of anal/lower gynecological tract/urological ori-
gin. Our results have shown that patient gender, together
with the metastasis site, is an important leading parameter
in CUP diagnosis particularly in the set of adenocarcinomas,
the most frequent (62.5% of total cases, consistently with
previous works [2, 3, 6]) and the most challenging histotype
among MUOs. On the other hand, adenocarcinomas may
show cytohistological features, for example, follicular and
papillary structures or signet ring cells, which per se may
be pathognomonic of tumor origin and consequently address
tissue targeted markers. In our case series, these features led
to identify 42.5% (7/40) of early metastatic adenocarcino-
mas. If no specific cytohistological patterns are present, in
adenocarcinomas CK7/CK20 expression, gender and site of
metastases strongly influenced the selection of tissue-spe-
cific markers, to depict a “putative immunophenotype” of
tissue of origin. All women adenocarcinoma biopsies were
in fact tested for ER. In CK7 + /CK20 - cases, ER positiv-
ity and GATA3 positivity in ER-negative cases primarily
directed clinicians to complete radiological imaging investi-
gations of the breast as a possible site of cancer origin, espe-
cially in patients with axillary lymph node metastases. Using
these immunophenotypical markers and the cytohistological
features crucial for lobular breast cancer diagnosis, 6 early
metastatic breast cancers out of 64 MUO cases (9.23%) were
confirmed. In the CUPISCO trial, 7.3% of the cases were not
compatible with CUP because of proof or strong evidence of
a breast primary [18]. In agreement with Pauli C. et al. [18],

the expression of PAX8/WT1 was considered to investigate
a possible gynecological origin. If primary ER + breast can-
cers are excluded, TTF1/napsin A were instead the key tis-
sue markers in male CK7 + /CK20 - and in female CK +/
CK20 — ER — MUO biopsies. Based on CUPISCO trial
experience [18], although TTF1 expression in a metastatic
setting does not unquestionably prove a primary origin in the
lung, all TTF1/napsin A positive cases should be referred to
radiologists to rule out lung primitivity. In the present series,
the “lung immunophenotype” pinpointed 60% of early meta-
static lung cancers. Finally, in 25% of the adenocarcinoma
cohort, the immunophenotyping did not suggest any tissue of
origin (undefined immunophenotype) nor any instrumental
examination ratified a primary tumor, directly leading to the
diagnosis of confirmed CUP.

In squamous cell carcinomas and neuroendocrine carci-
nomas, the use of cell differentiation markers is advised to
avoid misinterpretation, especially when tumor morphology
is heterogenous or poorly differentiated, because these his-
totypes are considered “favorable CUPs” [18].

When we analyzed whether the CUP histotype and the
“putative immunophenotype” were associated with specific
clinical evolution, we showed that the site of metastases
at disease presentation influenced the length of time to
progression. Notably, patients with adenocarcinomas of
“undefined immunophenotype” and undifferentiated and
sarcomatoid carcinomas frequently progressed with diffuse
metastases, independently from the anatomical site of can-
cer at diagnosis, and could be considered in the category
of “unfavorable CUPs.” On the other hand, CUP of “the
gynecologic immunophenotype” and squamous carcinoma
CUP presenting with only lymph node metastases at diag-
nosis had a longer time to progression. Wach MM et al.
[23] showed that nearly two-thirds of patients undergoing
axillary or inguinal lymphadenectomy for metastatic squa-
mous carcinoma of unknown primary were alive 5 years
following lymphadenectomy. Recently, Pouyiourou M et al.
advocate to pursue localized treatment with surgery and/
or radiotherapy in single-site and oligometastatic CUP
[24]. Although we could not collect the type of treatment
of all patients, we showed that CUP patients, who had
only lymph node metastases at first diagnosis, had longer
time to progression to other organs (6.4 months) and sig-
nificantly longer overall survival (< 0.001) independently
from the number of lymph nodes involved and the regional
location (superficial vs deep localization and supra- vs
sub-diaphragmatic).

Finally, we recently isolated stem-like cell spheres (agno-
spheres) from CUP specimens. The agnospheres recapitu-
lated the IHC and molecular phenotypes of CUP and spon-
taneously and quickly give rise to multiple metastases after
subcutaneous engraftment in mice [25]. Interestingly, the
CUP samples that did not engraft stemmed from the two
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long survivors (AGN47 neuroendocrine carcinoma, OS:
65 months, and AGN913 adenocarcinoma with undefined
immunophenotype, OS 104 months) both presented at diag-
nosis with metastases limited to lymph nodes [25].

Conclusions

Standard histology is then essential to drive MUQO’s
diagnostic workup and, when combined with the “puta-
tive-immunophenotype” in adenocarcinomas and the
metastatic pattern at disease outset, provides prognostic
evidence for patients with CUP.

We acknowledge that our study has some limitations.
The cohort was relatively small, and a validation cohort
was not available; nevertheless, MUQOs are rare entities
and a careful clinic-pathological examination of these
patients is of utmost importance in order not to misin-
terpret cases of early metastatic disease as CUPs.

These data may pave the way to further validation stud-
ies on the diagnostic workup leading to proper identifica-
tion of CUPs.
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Supplementary Figure 1. Graphical representation of disease progression of patients with (A) adenocarcinomas and
(B) CUPs not-adenocarcinoma. Schematic Localization of the tumor at diagnosis for each patient. The timeline scale represents
the shortest time interval (40 days) of follow up. The progression and the site of progression is reported. Red timelines: time of follow-

up (months) of alive patients; black timelines: time of follow-up (months) of dead patients. * the patient died after 2 weeks.
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Cancers of unknown primary (CUPs), featuring metastatic dissemination in the absence of a
primary tumor, are a biological enigma and a fatal disease. We propose that CUPs are a
distinct, yet unrecognized, pathological entity originating from stem-like cells endowed with
peculiar and shared properties. These cells can be isolated in vitro (agnospheres) and pro-
pagated in vivo by serial transplantation, displaying high tumorigenicity. After subcutaneous
engraftment, agnospheres recapitulate the CUP phenotype, by spontaneously and quickly
disseminating, and forming widespread established metastases. Regardless of different
genetic backgrounds, agnospheres invariably display cell-autonomous proliferation and self-
renewal, mostly relying on unrestrained activation of the MAP kinase/MYC axis, which
confers sensitivity to MEK inhibitors in vitro and in vivo. Such sensitivity is associated with a
transcriptomic signature predicting that more than 70% of CUP patients could be eligible to
MEK inhibition. These data shed light on CUP biology and unveil an opportunity for ther-
apeutic intervention.
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ancer of wunknown primary (CUP) is the
diagnosis received by patients that present multiple
metastases in the absence of a primary tumor anatomically
or histologically recognizable through a standardized
work-up that includes thorough body imaging and tissue
immunohistochemistry!=%.  Although  implying some
uncertainties, the definition of CUP applies to 1-2% of all
malignancies and features a dismal median survival (<1
year). The clinical course is, however, less aggressive in a
subset of cases (15—20%) displaying features reminiscent of
some specific tissue of origin, such as the
neuroendocrine
carcinoma®*4,

So far, CUPs were investigated with two main pragmatic
clinical aims, such as to uncover the molecular or epigenetic
signature of a putative “tissue of origin”, and treat each CUP
as a high-grade metastatic tumor of that tissue or organ®~7/,
or to identify mutated cancer genes and inform personalized
targeted therapies®?. However, apart from a few exceptions,
prediction of a putative origin and application of tailored
therapies negligibly extended the overall survival of CUP
patients, which remains among the poorest in oncology3*+19,
To make progress, it seems critical to adopt an alternative
approach, and investigate CUPs as a group of tumors sharing
the common ability to disseminate in a way that is (i) early
and rapidly progressing; (ii) unrestrained by those barriers
in the tissue of origin that facilitate the growth of a
detectable primary mass; and (iii) associated with an early
cell differentiation block, which precludes formation of
recognizable tissues.

In this study, we isolated a panel of human CUP-initiating
stem-like cells, named “agnospheres”, able to reproduce a
faithful disease model that features early cell dissemination
and formation of established multi-organ metastases. We
show that agnosphere properties are cell autonomous and
converge on constitutive activation of the proliferative MAP
kinase pathway, sustaining expression, and activity of the
MYC proto-oncogene. MEK inhibition with trametinib causes
agnosphere cell death, and necrosis of experimental CUP
tumors, without inducing negative feedback mechanisms.
Importantly, we also show that response to trametinib is
foreseen by an originally set up gene expression signature,
which, applied to patients’ tissues, predicts sensitivity in a
high percentage of CUPs, suggesting that common disease
molecular mechanisms are amply shared.

Results

Agnospheres display the genetic makeup of original tumors. In
a cohort of 61 early metastatic cancer patients (i.e., that
presented at first diagnostic imaging assessment without an
evident primary tumor), enrolled at our institution, 27 were
diagnosed as CUPs through a rigorous ad excludendum
protocol that ruled out the presence of a primary lesion or a
defined tissue of origin®%. In the CUP cohort, fresh human
specimens for biological studies could be obtained only in
eight cases (29%), including five biopsies and three surgeries
(Supplementary Tables 1 and 2). All eight samples were
transplanted in immunocompromised mice (patient-derived
xenografts, PDX), resulting in 6/8 engraftments (75%
success rate). Interestingly, CUP samples that did not engraft
belonged to a patients’ subset with prolonged survival:
AGN47 (OS > 40 m) and AGN913 (OS > 84 m). From PDX, or
fresh human samples whenever possible, we attempted
spheroid cultures of stem-like cells, named “agnospheres”,
with a 75% of successful rate (Fig. 1a and Supplementary
Table 2). Briefly, five out of six patients that provided
agnospheres (AGN901, AGN906, AGN43, AGN67, and
AGN914) displayed the typical aggressive CUP presentation,
featuring (i) multiple metastases; (ii) the histological aspect
of poorly differentiated carcinomas lacking expression of
markers associated with specific organs or tissues, and (iii)
rapidly lethal

clinical outcome (average overall survival: 11.5 months;
Supple- mentary Table 1). Agnospheres derived from the
above patients are hereafter indicated as AS901, AS906,
AS43, AS67, and AS914, respectively. Patient AGN47
presented with multiple metastases but, unlike the above
cases, displayed signs of differentiation, leading to the
diagnosis of “neuroendocrine CUP” and a better prognosis.
The corresponding agnosphere is henceforth indicated as N-
AS47.

We performed the genetic characterization of agnospheres
and the corresponding available human tissues (hereafter
indicated as “original tissues”), by whole-exome sequencing
(Supplementary Table 3): AS901 and AS67 resulted
hypermutated, consistently with the presence of a POLE
mutation in AS901, and POLE and POLQ mutations in AS67;
AS906, AS43, and AS914 harbored different combinations of
cancer-associated genes. In contrast, N- AS47 harbored no
mutation in known oncogenes or tumor suppressor genes
(TSG; Supplementary Table 3). Copy-number variation
analysis of the two most commonly altered tumor
suppressor genes unveiled heterozygous loss of TP3
accompanied by TP53 hemizygous mutation in AS43, and
heterozygous PTEN loss in both AS914 and N-AS47 (Fig. 1b
and Supplementary Table 3). The variant allele frequency is
consistent with heterozygosity (oncogenes) or hemizygosity
(TSG) in agno- spheres (Supplementary Table 3). This
supports the pathogenic meaning of the genetic alterations
and suggests that agnospheres are monoclonal cell
populations, at least relatively to driving genetic lesions.
Interestingly, we recently showed that multiple synchronous
metastases, sampled at warm autopsy of patient AGN43, are
highly genetically related and, in particular, share all the
driver gene mutations!l, thus indicating that agnospheres,
although derived from a single metastatic lesion, can be
representative of all patient’s metastases.

Conventional and spectral karyotypic analysis showed that
AS901, consistently with its hypermutated state, did not
display evident aberrations of chromosome number and
structure (Fig. 1c). In contrast, AS906, AS43, AS914, and
AS67 (although hypermutated), exhibited slightly increased
ploidy and multiple numerical and/or structural
chromosome aberrations, while N- AS47 showed multiple
numerical but few structural aberrations (Fig. 1c, d and
Supplementary Notes). Although the sample size is too small
to generalize conclusions, the overall genetic analysis
indicated mutational and karyotypic heterogeneity among
agno- spheres, consistently with previous observations in
200 CUP patientsS.

Agnospheres are enriched in self-sustaining stem-like cells.
Agnospheres were isolated and propagated in suspension, in
highly stringent stem culture conditions!2. Surprisingly, all
agnospheres were capable of self-renewing and long-term
propa- gating at clonal density in the complete absence of any
exogenous growth factor, including EGF or FGF, usually
required for in vitro isolation and long-term maintenance of
the stem phenotype in cancer stem cells from highly
aggressive tumors!?~15, Indeed, in our previous studies,
cancer stem cells derived from glioblastomas or colorectal
cancer metastases could be in vitro long-term pro- pagated
in the absence of exogenous growth factors only in rare and
highly aggressive cases, mostly featuring constitutive activa-
tion of the growth factor receptor/RAS pathway!5~17. Among
these, for comparison with agnospheres, we choose, as
repre- sentative carcinoma-derived  tumorspheres,
colorectospheres mCRC729 and mCRC0155, both generated
from colorectal cancer liver metastases, and harboring IGF-2
gene locus amplification or KRAS mutation, respectivelyl’.
Moreover, we newly generated a growth factor-independent
melanosphere (mMS321), from a visceral metastasis with
unequivocal melanocytic differentiation in
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Fig. 1 Agnospheres can be isolated from cancers of unknown primary and display the genetic makeup of the original tumors. a Morphological
appearance of agnospheres derived from CUP tissues propagated in mice or directly from human tissues. b PTEN and TP53 copy-number variations
measured by gPCR in gDNA from agnospheres. Value = 1 indicates biallelic content; values < 0.7 (dotted line) indicate allelic loss, (n = 2 independent
experiments with similar results were obtained). ¢ Representative G-banded karyotypes of agnospheres. A: marker chromosome. d Representative images
of spectral karyotypic analysis (M-FISH) on metaphases of: AS906 (n = 16) showing a near-diploid karyotype; AS43 (n=9), containing two major clones
with different karyotypes (near-diploid and hypotriploid); AS67 (n= 20) with hypertriploid modal karyotype; AS914 (n = 20) showing a near-diploid modal
karyotype; and N-AS47 (n= 13), including three major clones (near-diploid, near-triploid, and near-tetraploid).
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the absence of a detectable primary skin lesion, and
harboring a BRAF mutation (Supplementary Table 1).
Independently of exo- genous growth factors, all agnospheres
displayed the ability to self- sustain the expression of high
levels of transcription factors (TFs) known to be major
regulators of self-renewal and stem identity in normal and
neoplastic tissues, such as Polycomb repressorsi® and
reprogramming TFs19:20, Specifically, Polycomb repressor
EZH2 and BMI1 were highly expressed in the majority of
agnosphere cells (Fig. 2a—c and Supplementary Fig. 1a).
Among reprogram- ming TFs, prominent expression of MYC
gene products, in the absence of gene amplifications
(Supplementary Fig. 1b), was observed in all agnospheres
(Fig. 2a—c). Co-expression of MYC with OCT4, SOX2, and
KLF4 was observed only in a fraction of agnosphere cells,
likely marking a subpopulation with enhanced stem traits
(Fig. 2b and Supplementary Fig. 1a). In tumorspheres,
Polycomb and reprogramming TFs were expressed as well,
although collectively at a lesser extent, in particular in
colorecto- spheres (Fig. 2c and Supplementary Fig. 1c).
Interestingly, YAP/ TAZ, recently implied in reprogramming
of differentiated cells into stem cells%!, was highly expressed
in all agﬁ;ressive CUPs, but undetectable in N-AS47 (Fig. 2c).

As the activity of the above TFs is known to drive

genetic
programs sustaining the embryonic stem (ES) status, in the
overall agnosphere transcriptome we investigated the
expression of an “ES cell signature”, based on transcription of
13 gene sets collected in four main groups, including (i) the
Polycomb and (ii) the MYC target groups, (iii) a group
encompassing targets of NANOG, OCT4, and SOX2, and (iv) a
group of genes specifically expressed in cultured human ES
cells (Fig. 2d and Supplementary Data 1)22. By direct
comparison, agnospheres and tumorspheres displayed global
levels of Polycomb and MYC target genes overall similar and
comparable to those of ES cells (Fig. 2d and Supplementary
Data 1), although N-AS47 and colorectospheres displayed
sli%hter repression of Polycomb targets. Notably, while, in ES
cells, maintenance of the transcriptional grogram sustaining
the ES status requires exogenous factors1?20, in agnospheres
most of the same program is driven in a fully cell-autonomous
manner. As the “ES cell signature” was previously shown to
be enriched in poorly differentiated aggressive human
tumors, and directly correlated with breast cancer tumor
grade?? we investigated its expression in our panel of CUP
tissues (including four matched with agnospheres: AGN901,
906, 43, and 47), and, for comparison, in a previously
reported panel of breast cancer transcriptomes?Z, CUP
tissues displayed an “ES cell signature” globally weaker
compared with agnospheres, as expected, %ut significantly
more enriched compared with grade 3 breast cancer tissues
(Fig. 2d and Supplementary Data 1), known to contain an
abundant fraction of cells with stem properties!3. Overall
transcriptomic data suggest that CUP tissues contain a high
proportion of cells that retain stem traits, consistently with
their poorly differentiated histology.

Given the interconnection between stem phenotype,
metastatic ability, and epithelial-mesenchymal transition
(EMT)23, we assessed protein expression of EMT core TFs
ZEB1 and SNAI2, epithelial markers E-Cadherin and EpCAM,
and mesenchymal markers Vimentin and CD44 (Fig. 2c).
Moreover, we analyzed the full panel of core and accessory
EMT TFs in the agnosphere transcriptome (Supplementary
Fig. 1d)%*. Agnospheres derived from CUP adenocarcinomas
(AS901, AS43, and AS67, Supple- mentary Table 1) and
neuroendocrine carcinoma (N-AS47), which maintained in
culture an epithelioid phenotype (Fig. 1a), did not display
EMT TF or marker expression (Fig. 2c). In contrast, AS906
and AS914, which derived from carcinomas with sarcomatoid
features (Supplementary Table 1) and formed loose
spheroids in culture (Fig. 1a), expressed ZEB1, SNAI2, CD44,
and Vimentin, but negligible levels of EpCAM and E-
Cadherin

(CDH1; Fig. 2c¢ and Supplementary Fig. 1le). Accordingly,
transcriptomic analysis showed global higher EMT TF
expression in AS906 and AS914, while the maximum levels
were observed in mMS321 (Supplementary Fig. 1e). This
analysis showed also that CUP tissues globally displayed
higher EMT TF expression as compared with agnospheres,
possibly as result of contamination by tumor
microenvironment cells. Validation by tissue immu-
nostaining could not be performed for lack of material,
leaving undetermined the real EMT extent in original CUP
tissues. Altogether, these findings suggest that EMT seems
constitutively activated only in agnospheres derived from
CUPs displaying sarcomatoid (i.e.,, mesenchymal) features. In
the other cases, clearly EMT does not occur spontaneously in
basic culture conditions, but it could be activated by
appropriate exogenous signals and play a key role during
metastatic dissemination.

Finally, in the agnosphere and CUP tissue transcriptome,

we
also analyzed the expression of cell surface and functional
stem cell markers previously used for identification and/or
prospective isolation of cancer stem cells from different
types of carcinoma. In both agnospheres and CUP tissues, we
found significant expression of general markers, such as
CD24, CD98, CD166, ITGA6, and ITGB1, with the notable
exception of CD133 that was rarely expressed
(Supplementary Fig. 1e)25. Interestingly, the MYC target gene
and “don’t eat me” immunosuppressive signal CD47 (refs.
26,27 was broadly expressed (Supplementary Fig. 1e). The
overall heterogeneity of cell surface marker expression
prevented the design of a common strategy for future
prospective isolation of CUP cancer stem cells and further
characterization of agnosphere subpopulations.

C}?ncerning functional properties, agnospheres kept in

the
absence of exogenous growth factors displayed an in vitro
estimated fraction of clonogenic cells ranging between 15
and 44% in AS901, AS906, AS43, and AS67, which decreased
to 4% in AS914 and to a mere 0.09% in N-AS47 (Fig. 2e). The
clonogenic frequency inversely correlated with the
population doubling time, which was relatively short in the
highly self-renewing agno- spheres (2 days in AS901, AS906,
and AS67, and 3.5 days in AS43) and increased to ~5 and 10
days in AS914 and N-AS47, respectively.

Overall these data indicate that agnospheres are enriched
in cells with transcriptional traits typical of ES cells, mirrored
by functional clonogenic properties, which are fully self-
sustained in the absence of exogenous growth factors. Such
transcriptional features are present also in CUP tissues,
attesting to the faithful phenotypic correspondence between
the original tumors and the agnospheres, and indicating that
CUP tissues are highly enriched in stem-like cells as well.

Agnospheres generate phenocopies of the original tumors and
contain a high percentage of tumor-initiating cells. Next, to
assess the agnosphere tumorigenic potential, we
subcutaneously transplanted 10° agnosphere cells in
immunocompromised mice (spheropatients). At the injection
site (IS), tumors formed in all mice, within 20 days in the case
of all aggressive agnospheres, and only after 3 months in the
case of N-AS47, reflecting the slower progression of the
corresponding human tumor (Supplementary Table 1) and
the long in vitro cell population doubling time. Importantly,
agnospheres regenerated IS-tumors indistinguishable from
the original human tumors by histology and expression of
immunohistochemical markers (Fig. 3a and
Supplementary Fig. 2a), a defining prerogative of cancer stem
cells28. Interestingly, agnospheres retained in culture the same
tissue marker expression, thus behaving as tumoroids (Fig. 3a
and Supplementary Fig. 2a)2°. This property highlights the
agnosphere ability not only to pro- liferate, but also to
recapitulate pseudodifferentiative programs
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independently of microenvironmental cues. Consistently with
the phenotypic and transcriptional correspondence between
agno- spheres and original tumors (Fig. 2d), strong and
widespread protein expression of Polycomb repressors was
displayed by both original and IS-tumors (Fig. 3b and
Supplementary Fig. 2b), as well as by agnospheres (Fig.
2b), suggesting that agnosphere

culture conditions did not significantly modify genetic
programs and phenotypic traits inherited by original tissues.

In order to evaluate the tumor-initiating potential, we
challenged all agnospheres by stringent in vivo limiting
dilution serial transplantation experiments up to three
passages. Remark- ably, in all cases but N-AS47, as few as ten
agnosphere cells could
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Fig. 2 Agnospheres are enriched in stem-like cells that self-sustain their long-term propagation. a Heatmap showing gene expression levels of selected
transcription factors (TFs), quantifed by gRT-PCR in agnospheres and tumorspheres derived from metastatic colorectal cancer (MCRC729) or melanoma
(mMS321). b Representative immunofluorescent stainings of stem cell markers in agnospheres. Arrowheads: marker co-expression; open arrows: cells with
single marker expression (n = 3 independent stainings of agnospheres with similar results were obtained). Scale bar, 50 ym. Inset: magnifcation of dotted
area. Scale bar, 10 pm. ¢ Representative western blot analysis of Polycomb repressor factors, reprogramming and EMT TFs, and epithelial and
mesenchymal markers in agnospheres and tumorspheres mCRC729, mCRCO0155, and mMS321 (n = 3 independent experiments with similar results were
obtained, molecular weights are expressed in kDa). d Heatmap showing the gene set enrichment analysis of the 13 gene sets included in the embryonic
stem cell signature?2, performed on the transcriptome of human embryonic stem cell lines (hRESC), agnospheres, tumorspheres from metastatic cancers,
CUP original tissues, and a panel of breast cancer tissues, pooled by grade (the average enrichment score is shown for each grade). Only signifcant
enrichment scores with a false discovery rate < 10% are shown (Supplementary Data 1). NOS: NANOG, OCT4, and SOX2. e In vitro limiting dilution
sphere-forming assay. For each agnosphere, plots generated by the ELDA software are shown, reporting the estimated stem cell frequency (percentage of
clonogenic cells) with confdence intervals (C.I.; AS901, AS43, AS67, and AS914: n= 3; AS906 and N-AS47: n = 4 independent experiments).

generate tumors after subcutaneous transplantation,
determining an estimated tumor-initiating cell (TIC)
frequency ranging between 0.3 and 25% at the first
passage (P0), and increasing up to 50% in AS901 and
AS906 at the third passage (P2; Fig. 3c). Not surprisingly, N-
AS47 displayed a relatively low TIC frequency (0,002%),
consistently with its overall in vitro biological properties and
modest clinical aggressiveness (Fig. 3c). Notably, TIC
frequencies in aggressive agnospheres are comparable to the
TIC frequency (8.5%) that we measured in melanosphere
mMS321 after subcutaneous transplantation
(Supplementary Fig. 2c). Melanoma is known as the tumor
displaying the highest TIC frequency, also because the
subcutis provides an orthotopic environment favoring cell
viability and spread3?. In contrast, tumorspheres derived
from other aggressive cancers, when assessed in the same in
vivo conditions (subcutaneous transplan- tationin NOD/SCID
mice), display TIC frequencies 1-2 log lower than
agnospheres: colospheres up to 0.2% (ref. 31), breast cancer
mammospheres up to 0.1% (ref. 32), and glioblastoma neuro-
spheres up to 0.1% (ref. 33).

Altogether these findings highlight the agnosphere ability
to recapitulate the original CUP tumors, either by
reproducing their histological and pseudodifferentiative
features, or by mirroring their clinical aggressiveness in TIC
content.

Agnospheres reproduce the multi-organ metastatic pattern of
CUP patients. We then assessed metastatic ability, by trans-
planting subcutaneously luciferase-labeled agnosphere cells
from four representative cases (AS901, AS906, AS43, and N-
AS47). After removing IS-tumors, to prevent both
overgrowth and interference with weaker luminescence
from metastatic sites, we longitudinally monitored
spheropatients by in vivo imaging. Increasing luminescent
signals were detected in vivo at multiple sites, and further
visualized in the explanted organs (Fig. 4a—c).
Histopathological and immunohistochemical analysis
showed that agnospheres generate metastases phenocopying
the original and the IS-tumor (Fig. 4d and Supplementary Fig.
3a—c), indi- cating that agnospheres retain specific
pseudodifferentiative programs rather independent from
exogenous signals or tissue contexts, and can adapt to grow
in different environments. In spheropatients transplanted
with the aggressive agnospheres (AS901, AS906, and AS43),
the metastatic burden lead to the clinical endpoint within 4
months, and the overall postmortem analysis showed
multiple metastatic sites in ~75% of mice (Fig. 4e). In N-
AS47 spheropatients, metastatic growth was not fatal,
mirroring the patient’s clinical course (characterized by a
long survival >40 months). However, at the experimental
end- point (7 months), widespread micrometastases and
disseminated single cancer cells were detected in 100% of
mice, including a remarkable fraction (54% of all mice),
where the IS-tumor did not grow (Fig. 4e).

Among the metastatic sites, we found axillary lymph
nodes (Fig. 4f), considered as loco-regional lymph nodes
invaded by lymphogenous spread, which often occurs in CUP
patients as well (Supplementary Table 1)* The other
organs colonized in spheropatients were likely reached by
hematogenous spreading, with homing occurring not only in
the primary capillary district downstream venous
dissemination (lung), but, often, downstream systemic arterial
circulation as well. The frequent colonization of connective
tissues, including peripancreatic fibroadipose tissue,
gonadal adipose tissue, kidney capsule, and the
occasional homing between myocardiocytes, suggested a
predilection for the connective/mesodermal soil, where
micrometastases and intravascular cancerous emboli could
be often detected (Fig. 4d and Supplementary Fig. 3a—c).
This, again, is consistent with the CUP metastatic pattern,
which can include uncommon sites, such as subcutaneous
connective tissues and muscles, as observed in several
patients, including AGN906, AGN43, AGN914, AGN909,
AGN322, and AGN325 in our cohort (Supplementary Table
1). Strikingly, in CUP spheropatients, metastatic cells
efficiently disseminated as early as within 10 days after
injection, as observed in organs explanted from 4/4 mice
transplanted with AS43. Dissemination occurred well before
the IS-tumor became palpable, suggesting that cells can
initiate the process without prior local expansion and,
likely, without induction of a pre- metastatic niche from an
established tumor. Immunostaining of explanted organs
showed single disseminated tumor cells,
micrometastases and vascular emboli at multiple sites,
mostly in the lung and connective tissues around the organs,
i.e., the same sites where macrometastases develop (Fig.
4g). Interestingly, single disseminated cells were
identified by pan-cytokeratin immunostaining, suggesting
that, during metastatic spread, these cells retain their
epithelioid phenotype, or reside in a partial EMT state.

Such a rapid and widespread, both lymphogenous and
hematogenous, metastatization is rather uncommon when
TICs or organoids from other aggressive carcinomas are
transplanted subcutaneously (i.e., ectopically), in contrast to
neural crest- derived melanoma cells, which, injected
orthotopically under the skin, can metastasize3%.
Consistently, we could not observe metastatic dissemination
by subcutaneously transplanting mice with colosphere
mCRC729, which, as mentioned above, derives from a
colorectal cancer metastasis and shares some properties
with agnospheres (Fig. 2a—d), in particular cell-autonomous
propagation. Indeed, after mCRC729 injection, IS-tumors
formed in 100% of cases, being in some cases locally
invasive, but always unable to form detectable metastases
during 7-month in vivo longitudinal monitoring and ex vivo
organ imaging (Fig. 4e and Supplementary Fig. 3d, e).

Overall, these findings attest that agnospheres, in
particular those from aggressive CUPs, retain a high
spontaneous and multi-organ metastatic ability, which
recapitulates the CUP
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Fig. 3 Agnospheres generate phenocopies of the original tumors and contain a high percentage of tumor-initiating cells. a Histopathological features
(hematoxylin and eosin staining, H&E) and immunohistochemistry with antibodies used for CUP diagnosis, in patient metastases (left columns), tumors
formed by agnospheres at the subcutaneous injection site (middle columns), and cultured agnospheres (right columns). Scale bar, 50 ym. A representative
experiment is shown (n = 3 independent stainings of agnospheres with similar results were obtained). b Immunofluorescent stainings of stem cell markers in
patient metastases (left columns) and tumors formed by the corresponding agnospheres at the subcutaneous injection site (right columns). Nuclei were
counterstained with DAPI. Scale bar, 50 um. A representative experiment is shown (n = 3 independent stainings of agnospheres with similar results were

obtained). ¢ In vivo limiting dilution assay. The indicated numbers of agnosphere cells (105-10") were transplanted subcutis into immunocompromised

mice (P0) and, where indicated, agnospheres were re-derived in culture and transplanted for a second (P1) or a third (P2) passage. TIC tumor-initiating cell
frequency, C.I. confdence interval.
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clinical presentation, and may represent a convenient tool
to explore every stage of the metastatic cascade.

Agnospheres are sensitive to MEK inhibition in vitro. As
described above, all agnospheres shared the distinctive

ability to

8

proliferate and self-renew in the absence of any exogenous
growth factor. Moreover, agnospheres, including the slowly
proliferating N-AS47, were insensitive to an ample panel of
exogenously supplied growth factors, with the exception of
AS67, which showed a moderate proliferative response to
EGF, NRG1, and FGF (Supplementary Fig. 4a). Agnosphere
proliferative autonomy
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Fig. 4 Subcutaneously transplanted agnospheres reproduce the early and multi-organ metastatic pattern of CUP patients. a Outline of longitudinal
in vivo monitoring of spheropatients transplanted subcutis with luciferase-labeled agnospheres, followed by endpoint ex vivo organ imaging and histopathological
analysis. IS-tumor injection site tumor. b Representative in vivo images of mice transplanted with AS901, showing increasing bioluminescent signals at metastatic
sites at the indicated time points (d, days). Black tape was applied to mask the IS-tumor residual signal. ¢ Representative macroscopic images of the most
frequent metastatic sites. Top: bioluminescent signals of different explanted organs; bottom: photographs of macrometastases. d Histopathology (H&E) and
immunohistochemistry for human CK18 or human Vimentin, revealing metastases in the indicated organs of mice transplanted with AS901 or AS906,
respectively. Scale bar, 50 um. Representative experiments are shown (at least n= 3 stainings in independent organs were obtained with similar results). e Bar
graph showing the percentage of mice transplanted subcutis with agnospheres or colosphere mCRC729 that developed IS-tumors and/or metastases (AS901:
n= 33, AS906: n=50; AS43: n=44; N-AS47: n=13; mCRC729: n= 14). f Bar graph showing the percentage of mice subcutaneously (s.c.) transplanted with
agnospheres as in e that displayed metastasis (mts) at each of the listed sites. g Immunostainings for pan-cytokeratin AE1/AE3 showing tumor cells disseminated
in organs explanted 10 days after AS43 subcutaneous injection. Scale bar, 50 m (n=4 independent experiments with similar results were obtained).

could be associated with the presence of RAS oncogenic
muta- tions, known to confer growth independence to
tumorspheres!®, only in the case of AS906 (HRAS-mutated)
and AS914 (KRAS- mutated; Supplementary Table 3).
Remarkably, in all agno- spheres, proliferative autonomy
could be sustained by the expression of several growth
factors, among which EGF-like ligands, neuregulins, HGF, and
IGF-1/2 (Supplementary Fig. 4b), accompanied by expression
and phosphorylation of their genetically unaltered cognate
receptors (Fig. 5a), indicating the occurrence of autocrine
loops. Conversely, expression and phosphorylation of the
same receptors was almost undetectable in tumorspheres
that relied on cell-autonomous proliferative trig- gers, such
as BRAF (mMS321) or KRAS (mCRCO0155) mutation, or
amplification of the IGF-2 genetic locus (mCRC729)17. These
findings prompted us to try to halt agnosphere proliferation
by blocking constitutively activated receptors, in particular
those of the EGFR family, which seemed prominently
activated in all aggressive agnospheres. Pan-EGFR family
inhibition through lapatinib or afatinib35 was assessed in
three representative agnospheres: AS901 (hypermutated),
AS906 (HRAS mutant), and AS43 (RAS pathway wild type;
Supplementary Table 3). A sig- nificant proliferative arrest,
without cell death induction even after a 14-day treatment,
was observed only in AS43 (Supple- mentary Fig. 4c, d).
Indeed, although abolishing EGFR phos- phorylation in all
agnospheres, EGFR inhibitors partially affected downstream
signaling only in AS43 (Supplementary Fig. 4e). Agnosphere
partial or full resistance to EGFR inhibition could be
explained by the concomitant presence of the HRAS mutation
(in AS906), as described!®, and/or other autocrine loops
providing bypass mechanisms that kept MAPK and AKT
pathways con- stitutively active (Fig. 5a and Supplementary
Fig. 4e).

e )th_erefore reasoned that the multiple mechanisms

sustaining

agnosphere autonomous proliferation should converge onto
the MAPK pathway. As, indeed, agnospheres display high
levels of constitutively phosphorylated MEK1/2, in some cases
comparable to those of BRAF-mutated mMS321 (Fig. 5a), we
challenged agno- spheres with two selective, clinically
approved, MEK1/2 inhibitors, endowed with different
mechanisms of action: (i) trametinib, known to be the most
potent MEK1/2 inhibitor, used in BRAF-mutated
melanomas3637, or (ii) selumetinib, an earlier inhibitor, known
to be less effective than trametinib in fully preventing MEK1/2
activation by BRAF. As assessed by dose-response
experiments (Supplemen- tary Fig. 4f), in three representative
agnospheres trametinib strongly affected cell viability at
nanomolar concentrations, while selumetinib was less effective
even at maximal doses (Supplementary Fig. 4f), as reflected by
early signaling events, such as ERK1/2 and pRB
phosphorylation (Supplementary Fig. 4g). The biological
effects exerted in agnospheres by the two inhibitors were
comparable to those observed in BRAF-mutated mMS321
(Supplementary Fig. 4h). Trametinib was therefore chosen for
further experiments, showing to be effective in 4/6
agnospheres, by inducing dramatic growth arrest within 4
days in AS901 and AS906, and within 10 days in

AS43 and AS67 (Fig. 5b), and concomitant apoptosis, as
indicated by the appearance of the cell death effector cleaved-
PARP protein (Fig. 5c). In sensitive agnospheres (AS901,
AS906, AS43, and AS67), trametinib induced long-term
inhibition of ERK1/2 phosphoryla- tion, the direct MEK1/2
target, and downregulation of c-MYC, known to be tightly
regulated by proliferative signals via MAPK pathway (Fig.
5¢)3839, ¢-MYC decrease (or disappearance, in the most
sensitive agnospheres) was accompanied by proportional
downregulation of its transcriptional target Cyclin D1,
responsible for G1-S cell cycle progression via CDK4/6-
mediated pRB hyperphosphorylation, which was consistently
reduced as well (Fig. 5c). Stabilization of the cell cycle
inhibitor p27-KIP1, known to be prevented by c-MYC, was
also observed (Fig. 5c)3°. Interestingly, in sensitive
agnospheres, trametinib did not cause a rebound increased
EGFR phosphorylation and expression, often observed after
MEK inhibition and resulting from relief of a negative feedback
from MAPK to receptors (Fig. 5c)37. Rather, in sensitive
agnospheres, EGFR phosphorylation and expression were
decreased (Fig. 5d). This suggests that agnospheres may lack
this negative feed- back from MAPK to receptors, resulting in
an unrestrained receptor—-MAPK signaling axis, which could
become addictive and would eventually cause hypersensitivity
to MEK1/2 inhibitors (see “Discussion”). Conversely,
trametinib was biologically ineffective in N-AS47 (Fig. 5b),
consistently with its inability to prevent ERK1/2
phosphorylation and downstream signaling (Fig. 5c), thereby
suggesting that N-AS47 can self-sustain proliferation through
pathways independent of MEK1/2, as recently shown in
organoids from neuroendocrine tumors?0. Surprisingly, in
KRAS-mutated  AS914, trametinib inhibited ERK1/2
phosphorylation but exerted a late paradoxical effect, by
increasing cell proliferation (Fig. 5b, c), as described in several
cell lines and tumors3’. This effect was likely a specific
outcome of MEK1/2 inhibition, as it was observed after
selumetinib treatment as well (Supplementary Fig. 4i). The
mechanism of such paradoxical response does not involve
EGFR rebound upregulation; however, it likely contributes to
keep cMYC and Cyclin D1 highly expressed independently of
ERK1/2 inhibition (Fig. 5c).

Trametinib is effective in CUP preclinical models and its effi-
cacy is predicted in patients by a response signature. To eval-
uate the therapeutic efficacy of trametinib in preclinical
models, CUP tumors were generated by subcutaneous
transplantation of three representative agnospheres (AS901,
AS906, and AS43). After IS-tumor establishment,
spheropatients were randomized and treated with a dose of
trametinib (1 mg/Kg/die) previously shown to be well
tolerated and effective in xenograft models harboring BRAF
mutation (Fig. 5¢)3741. We chose to primarily monitor the
therapeutic effect in the established IS (sub- cutaneous)
tumor, assuming that (i) the IS-tumor is not repre- sentative
of a conventional primary tumor, but rather of every
metastasis generated by the agnosphere in the mouse, given
the homogeneity of IS-tumors and metastases; (ii) the
effect of
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trametinib is not expected on the early dissemination step of
the metastatic process, but on the growth of established
metastases;

(iii) the IS-tumor can be more accurately and precociously
measured than metastases, which are multiple and delayed,
and evolve by an unpredictable pattern that prevents
reliable long- itudinal quantification. The inhibitory effect of
trametinib on IS-

10

(resistance genes)

tumor growth was statistically significant throughout the
experiment (Fig. 5d). Accordingly, the time to reach the
experi- mental endpoint (tumor volume = 1600 mm3) was
significantly prolonged in all mice treated with trametinib as
compared with controls (Fig. 5e). Interestingly,
histopathological analysis of tumors collected at the
endpoint showed that treated tumors, as
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Fig. 5 MEK inhibition is effective in vitro and in CUP preclinical models, and its efficacy is reliably predicted in patients by a gene expression
signature. a Representative western blot analysis of phosphorylated (p) and total proteins in agnospheres and tumorspheres (n = 3 independent
experiments). b Cell viability of agnospheres treated for 4 days (AS901 and AS906) or 10 days with 50 nM trametinib or vehicle (DMSQO) normalized vs.
untreated cells (NT; AS901, AS43, and AS67 n=4; AS906 and AS914 n= 3; and N-AS47 n = 5 independent experiments, mean + SEM, ANOVA,
Bonferroni multicomparison test). ¢ Representative western blot analysis of agnospheres treated 48 h (AS901, AS906, and AS67) or 96 h (AS43, AS914,
and N-AS47) with vehicle (-) or 50 nM trametinib (+) (p- phosphorylated, cl. PARP: cleaved PARP, MYC* c-MYC in AS901, AS906, AS43, AS67, and
AS914, and N-MYC in N-AS47; n =3 independent experiments). d, e Mice were injected subcutis with agnospheres and, after tumor establishment,
randomized in two treatment groups (control and trametinib, 1 mg/Kg/die; AS901, n =7 mice/group; AS906, control n= 6 mice and trametinib n=7
mice; AS43, n = 6 mice/group). d Growth curves of tumor volume fold changes vs. day 0 (beginning of treatment; mean + SEM, two-way ANOVA).
e Survival curve at the experimental endpoint (tumor volume = 1600 mm3; Mantel-Cox test). f Representative H&E and immunohistochemical stainings
for Cyclin D1 and phospho-ERK1/2 of whole tumor sections derived from endpoint mice transplanted with AS906 and treated with control or trametinib
(n= 3 mice). Scale bar, 2 mm. Bottom row: magnifcation of pERK1/2 staining. Scale bar, 100 um. g Quantifcation of necrotic, vital, and Cyclin D1-positive
areas in whole tumor sections from mice transplanted with AS906 (top) or AS901 (bottom), expressed as percentage of total tumor area (n= 3 mice/
group, mean + SEM, two-way ANOVA, Sidak’s multicomparison test; ns not signifcant). h—j Bar graphs of enrichment scores of the trametinib response
signature in agnospheres and melanosphere mMS321 (n= 3 replicates) (h); tumor tissues from CUPs (AGN-), melanomas (MEL-), and early metastatic
cancers of known origin (H&N head and neck, BRE breast, MERK merkeloma) (i); and different metastases of CUP patient AGN43 (n = 3 fragments/
metastatic site, mean + SEM) (j). Sensitivity to trametinib associates with a negative enrichment score of resistance genes (gene set enrichment analysis.
Only enrichment scores with a false discovery rate, FDR < 10% are considered statistically signifcant, p values and FDR values are reported in
Supplementary Data 1). The presence or absence (WT) of a mutated gene associated with trametinib sensitivity (BRAF, KRAS, HRAS, or NRAS) is reported.

Hypermut hypermutated, n/d not determined, ns not signifcant.

compared with controls, contained an ample central necrotic
area surrounded by proliferating cells, still responding to
trametinib with ERK1/2 inhibition (Fig. 5f, g and
Supplementary Fig. 4j). This indicates that tumor volume
measurement alone under- estimates the trametinib
biological effect, while in vitro pro- liferation arrest and cell
death reliably predict the in vivo tumor tissue response to
trametinib.

To attempt an evaluation of trametinib effects on
spontaneous metastases, we analyzed serial sections of
whole lungs (the site most frequently colonized in
spheropatients), collected at the experimental endpoint,
and thus at a later timepoint in treated mice. Nevertheless,
we found that, in treated mice, the number and size of
metastatic vascular emboli were significantly reduced as
compared with controls (Supplementary Fig. 4k, 1), indicating
that trametinib can also prevent the growth of disseminated
cells. To evaluate whether sensitivity to trametinib can be
predicted in CUP patients, we set up an original “trametinib
response signature”. To this aim, we correlated publically
available data on the trametinib response of 445 cancer cell
lines (CCLs) with the respective gene expression profiles*243
(Supplementary Fig. 4m—o). The signature ability to predict
the trametinib response was first validated in an independent
dataset of 634 CCLs** (Supplementary Fig. 40), and further
confirmed in a panel including the six agnospheres and the
BRAF-mutated melanosphere mMS321. Here, the signature
cor- rectly predicted sensitivity in mMS321, AS901, AS906,
AS43, and AS67, and resistance in AS914 and N-AS47 (Fig. 5h),
accordingly to in vitro responses (Fig. 5b and Supplementary
4h). The signature was then applied to the transcriptome
obtained from paraffin- embedded tissues of a retrospective
cohort of patients, encompass- ing (i) 15 CUPs, including
those matched with four agnospheres (Supplementary Tables
1 and 2); (ii) three metastatic BRAF-mutated melanomas
(including mMEL321 that originated mMS321), chosen as
positive controls for trametinib sensitivity; and (iii) ten
metastases from early metastaticc non-CUP patients (i.e,
enrolled as potential CUPs, but whose tissue of origin was then
identified (Supplemen- tary Table 1). The signature predicted
trametinib sensitivity in all BRAF-mutated melanomas, as
expected, and in 11/15 CUPs (73%), while it predicted
sensitivity only in 3/10 early metastatic tumors of known
origin. Clear resistance was predicted in the neuroendocrine
CUP AGN47 (the origin of N-AS47), and in an early
metastatic merkeloma (mMERK44), another tumor of
neuroectodermal origin. All other cases (3/15 CUPs and 6/10
early metastatic tumors) were below the significance threshold
for being defined either as sensitive

or resistant (Fig. 5i). From these data, we can conclude that
(i) agnospheres and the corresponding original tumors were
predicted consistently, attesting that the signature retains its
ability to reliably classify suboptimal samples, such as paraffin-
embedded tissues; (ii) the majority of CUP tissues, but only a
minor fraction of early metastatic tumors of known origin,
associated with trametinib sensitivity independently of the
presence of BRAF or RAS mutations, thus suggesting that
constitutive and addictive activation of the MEK signaling
pathway can be sustained by alternative mechanisms,
including growth factor receptor autocrine loops.

Finally, we also analyzed different synchronous
metastases collected at warm autopsy from patient AGN43
(the origin of AS43)'1, showing that all share the trametinib
sensitivity signature (Fig. 5j). This finding adds to the
previously shown genetic homogeneity of these metastases!!
and suggests that, at least in some cases, the cell-autonomous
behavior of CUP stem- like cells may translate in remarkable
biological homogeneity and drug sensitivity across
metastatic sites, with favorable implica- tions for CUP
therapy.

Discussion

Isolation of stem-like cells from CUP patients provided, to
our knowledge, the first CUP experimental model, suitable to
identify genetic and molecular determinants that explain the
disease hypermetastatic phenotype, featuring early
widespread dis- semination, ability to quickly colonize
multiple organs by adapting to different microenvironments,
and cell differentiation block.

Irrespective of their different genetic alterations,
agnospheres display common properties, among which the
first and most striking is proliferative and self-renewal
autonomy: agnospheres retain their ability to long-term
propagate without differentiating even in the absence of any
exogenous growth factor, a property seldom displayed by
stem-like cells derived from other metstatic tumors. We
could associate this property with the cell- autonomous
expression of self-renewal and reprogramming TFs, and the
constitutive enrichment of a transcriptomic sig- nature
distinctive of ES cells?2. In contrast, in ES cells, this genetic
program is driven by extracellular signals, whose withdrawal
causes ES differentiation?0. Within this signature, genes con-
trolled by Polycomb repressors*> and by the MYC family*®
were strongly modulated, consistently with widespread
expression of their transcriptional drivers (BMI1 and EZH2,
and MYC, respectively). Interestingly, this ES signature was
enriched not
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only in agnospheres but also in original CUP tissues,
indicating that the entire tumor is mostly formed by cells with
stem features, and that, vice versa, agnospheres well
represent the overall CUP cell population, thus behaving like
“tumoroids”®. This also indicates that stem culture
conditions used to select agnospheres do not significantly
m(l)ldify the genetic programs expressed by the original CUP
cells.

The c-MYC proto-oncogene is well known for its role at the
crossroad between stem cell regulation and oncogenesis.
Famous for being included in the original Yamanaka cocktail
that reprograms differentiated fibroblasts to pluripotency??,
c-MYC has been recognized as a key factor to recruit
quiescent stem cells into proliferation, by providing not only
direct stimulation of the cell cycle, but also activation of
metabolic genes that support the bioenergetics needs of
proliferating cells*8. Overexpression of the c-MYC proto-
oncogene contributes to tumor onset and/or progression, as
indicated by findings in human tumors (that overexpress
MYC in ~30% of cases) and mouse models3849,
Experimental c-MYC overexpression can confer addiction, so
that MYC knock-down causes regression of established
tumors, attesting its relevance for cell proliferation and
survival®0.

In agnospheres and original CUP tumors, high and

constitutive
expression of MYC family genes (c-MYC and/or N-MY()
occurs in the absence of MYC genetic alterations. c-MYC is
expressed in the agnospheres derived from the most
aggressive cases, diag- nosed as “poorly differentiated
carcinomas of unknown origin”. N-MYC alone is highly
expressed in the neuroendocrine CUP, consistently with its
specific role in tissues of neuroectodermal origin>L.

A second feature shared by all agnospheres, which, again,

can

be correlated with independency from exogenous signals, is
the ability to widely metastasize after subcutaneous
transplantation: indeed, agnospheres quickly disseminate,
home, survive, and thrive in multiple tissue contexts, where
they consistently reproduce the histology of the original
tumors, including expression of markers specific to each
different patient, together with lack of terminal
differentiation. This adaptability is likely conferred by the
ability to sustain proliferative and pseudo- differentiative
programs in a niche-independent way. Impor- tantly, our
data indicate that such prerogative is passed on from
patients to the experimental CUP model through
agnospheres, likely as result of (epi)genetic mechanisms
rendering the pro- liferative pathway constitutive, either
through growth factors autocrine loops or altered signal
transduction.
In spite of the above common traits, the agnosphere
experimental behavior diverged according to the different
clinical courses of the respective original patients: not
surprisingly, the frequency of TICs was unusually high and
growth of established metastases was rapid in agnospheres
isolated from the most aggressive cases, while the same
features were decidedly blunted in the N-AS47 from the long-
survivor neuroendocrine CUP.

In looking for CUP liabilities, we reasoned that the
variegated panel of proliferative signals detected in
agnospheres should converge on constitutive activation of the
MAPK pathway, known to be a major inducer of MYC
expression and activity383°, Interestingly, hyperactivation of
the MAPK pathway has been recognized as a distinctive
feature of metastatic tumors in general®? and CUP in
particular®3, together with MYC overexpression®*. We could
demonstrate that 4/6 agnospheres were addicted to the
MAPK pathway and highly sensitive to the specific MEK1/2
inhibitors trametinib or selumetinib3’. Sensitivity correlated
with complete downregulation of c¢-MYC expression,
proliferation arrest and cell death in vitro, induction of
massive necrosis in experimental tumors growing at the
agnosphere injection site, and reduced growth at metastatic
sites. Interestingly, in many cancers displaying MAPK
hyperactivation, including

those harboring RAS mutations, the administration of
MEK1/2 inhibitors is poorly effective, as it interrupts
negative feedbacks reverberating from the MAPK pathway to
tyrosine kinase recep- tors. These feedbacks may include
signals rapidly leading to receptor downregulation, as well as
long-term kinome transcrip- tional reprogramming3’.
Evidence indicates that these mechan- isms are likely and
consistently disrupted in responsive agnospheres, as
trametinib did not induce a rebound effect of tyrosine kinase
receptor reactivation, but it rather induced receptor
downregulation. Conversely, in non-responsive agno-
spheres, MEK inhibitors either failed to block cell
proliferation, or paradoxically induced it. However, this is not
surprising as, for example, in normal ES cells, MEK inhibitors
are used to promote rather than to halt proliferation2?. The
mechanisms of resistance to MEK inhibitors remains to be
determined, but they likely involve alternative signaling
pathways that contribute to maintain high levels of MYC gene
expression. An attractive candidate is the Wnt pathway, a
mainsgegulator of stem cell self-renewal, known to upregulate
MYC>>,
To assess whether sensitivity to trametinib, a clinically
approved drug, could be predicted in CUP cases, and provide a
tool to stratify patients for trials, we elaborated an original
“tra- metinib response signature”. This signature correctl
anticipated the experimentally assessed response to trametini
in agno- spheres, and was retrieved also in the matched
patients’ tissues. Thus validated, the signature predicted the
response in a retro- spective cohort of CUP cases. Despite the
absence of BRAF or RAS fangily mutations, usually associated
with trametinib sensitivity>/, the majority of CUPs were
classified as responders. Interestingly, CUP sensitivity
gredicted by the trametinib sig- nature approximates that of
RAF-mutated melanomas, while a panel of aggressive
metastases from carcinomas of known origin did not display a
responder signature. Overall, data presented in this study
indicate that constitutive activation of the MAPK pathway,
leading to MYC sustained expression, and the ensuing stem and
proliferative transcriptional programs, can be a CUP
prominent, widespread ang distinctive ~ pathogenetic
mechanism offering opportunities for therapeutic intervention.
Beyond CUP investigation, the integrated experimental
platform presented in this study can have far-reaching appli-
cations, as it is endowed by unique prerogatives, compared
to the metastatic models available so far3%. First, while
such models are mostly based on genetically engineered
mice, or the use of conventional cells lines, either artificially
manipulated to become metastatic3*, or injected in the
hearth left ventricle to get systemic multi-organ spread®®,
human agnospheres are innately endowed with
comprehensive metastatic programs, faithfully inherited
from the original tissue and passed on to the mouse model.
Moreover, with their properties, agnospheres can help to
overcome operational limitations recognized to current
metastatic models, such as being (i) slow and inefficient,
because generated late in progression by rare cell
subpopula- tions; and (ii) based on cooperation between cell-
intrinsic and environmental signals, that hamper
successful colonization. The model here described thus
represents a next-generation tool for functional validation
of metastatic determinants, and mechanistically supported
therapeutic interventions in a broad spectrum of aggressive
tumors.

Methods

Human subjects. All patients were recruited at the Candiolo Cancer Institute,
FPO-IRCCS, according to ethical requirements and protocols approved by the
institutional Review Board on human experimentation. Informed consent
was obtained from all patients. All patient samples were de-identified before
processing. Suspected CUP patients were enrolled in an approved
prospective observational trial (Study Protocol N. 010-IRCC-101IS-15, and
following updates; last update: v2.0-16.10.2018), where the diagnosis was
attained through an “ad excludendum”
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diagnostic protocol in accordance with ESMO guidelines?. After diagnosis,
patients received the best standard of care, and provided archival and viable
tissue speci- mens, and blood samples.

Animal models. All animal procedures were performed according to ethical
reg- ulations and protocols approved by the Italian Ministry of Health.
NOD.CB17- Prkdcs¢id/NcrCr mice (NOD/SCID), (RRID:IMSR_CRL:394, Charles
River Laboratories), 5- to 6-week-old male were used for all in vivo studies.
Mice were housed at a maximum of six per cage with a 14-h light/10-h dark
cycle, in a conventional animal facility with an ambient temperature and
humidity of 2026 °C and 40%-60%, respectively, with food and water ad
libitum. Mice were monitored at a minimum of twice weekly for general
performance status and euthanized when volume of xenografts reached
1600 mm3, or they displayed signs of distress, or weight loss = 20%.

Generation and culture of agnospheres and tumorspheres. Tumor tissue
spe- cimens derived either from CUP patients (AGN906 and AGN47), or PDX
(AGN901, AGN43, AGN67, and AGN914), or a melanoma patient (mMEL321)
were minced and digested with collagenase I (Gibco) at 2 mg/ml in culture
medium for 40 min at 37 °C. After filtration and red cell lysis, single-cell
suspensions were resuspended in culture medium, composed by: DMEM:F12
Sigma),
I(\Izgsupgnlement (Life Technologies-GIBCO), BSA 0.5% (Sigma), heparin 4
pug/ml (Sigma), 2 mM glutamine (Sigma), penicillin—streptomycin
(EuroClone), and see- ded in ultra-low-attachment flasks (Corning-Sigma).
For AS914 and AS67, the culture medium was supplemented with a
chemically defined Lipid Concentrate (Gibco). Culture medium was replaced
the next day and used throughout propa- gation. Spheroids (agnospheres)
appeared in culture few days after seeding, and stabilization occurred on
average after 3—4 months. For dissociation, trypsin was required for all
agnospheres except for AS906 and AS914. mCRC729 and mCRC0155,
previously derived from colorectal cancer liver metastases!’, were kept in the
same culture medium as above, supplemented with Lipid Concentrate
(Gibco). Agnospheres and tumorspheres will be available upon institutional
material transfer agreement approval.

Generation of patient-derived xenografts. Human CUP tumor specimens,
derived either from biopsy or surgery, were subcutaneously transplanted in
NOD/SCID mice (PDX). Tumors were explanted when reached a
maximum of 1600 mm?3, and collected for further propagation and
agnosphere derivation.

Histopathology. Immunohistochemical staining of formalin-fixed paraffin-
embedded (FFPE) tumor tissue sections derived from patients and animal
models was performed using Ventana Benchmark ultra System (Roche), or
Bond Max (Leica Biosystems) or Autostainer Link 48 (Agilent), according to
the antibody used (see reagents), and revealed with Liquid
Diaminobenzidine (DAB) + Sub- strate Chromogen System (K3468, Dako),
following standardized manufacturers’ instructions. For quantification of
experimental tumor areas, stainings of repre- sentative middle tumor
sections collected at the experimental endpoint were acquired with Nikon
Eclipse Ti2 using the NIS Elements Imaging software. The whole area was
scanned at 4x magnification and analyzed with Image] (RRID: SCR_003070).
Percentage of hematoxylin-positive area or Cyclin D1-positive area was
normalized vs. total area for each sample. Necrotic areas were calculated as
total area minus vital area. Statistical significance was assessed by two-way
ANOVA (Sidak’s multicomparison test).

gDNA extraction and CNV analysis. Genomic DNA was isolated from agno-
spheres using Relia Prep TM gDNA Tissue Miniprep System (Promega),
according to manufacturer’s instructions. DNA was quantified using a
Nanodrop

ND1000 spectrophotometer (Thermo Fisher Scientific). As normal control,
gDNA of PBMCs derived from a pool of five healthy individuals was used.
PTEN, TP53, c-MYC, and N-MYC copy-number variations were calculated
after qPCR with the 2 — 1111Ct method using GREBI as normalizer.

Mutational screening of FFPE tissue specimens. In tumor samples not
analyzed by WES, assessment of mutational status of KRAS, HRAS, NRAS, and
BRAF hotspot mutations was performed through OncoCarta™ Panel v1.0
(Agena Bioscience) on gDNA extracted from FFPE tissues, according to
manufacturer’s instructions.

Chromosome G banding. Chromosome analysis by G banding was performed
on agnospheres. In order to increase the number of metaphases, cells were
synchronized with Synchroset (Euroclone S.p.A.) according to manufacturer’s
instructions and blocked with colcemid (10 pl/ml) for 1 h. Chromosome
harvesting was carried out according to standard procedures. Briefly, cells
were incubated in 0.075 M KCI hypotonic solution at 37 °C for 10 min, fixed
in methanol—glacial acetic acid (3:1), dropped onto glass slides and dried using
specific conditions for optimal chromosome spreading. G banding was
performed by incubating slides in 2x SSC at 68 °C for 2 min and eventually
stained with Wright's solution for 2 min (ref. 57). Metaphase images were
captured using an Olympus BX61 microscope (Olympus Corporation)

and analyzed by CytoVision software (Leica Biosystems). An average banding
reso- lution of 300 bands was achieved. Aberrations were described according
to the International System for Human Cytogenetic Nomenclature, 2016 (ref.

58).

Chromosome M-FISH. Chromosome analysis by multicolor-fluorescence in
situ hybridization (M-FISH) was carried out on agnospheres by using a
commercial mixture containing 24 chromosome-specific painting probes
labeled with different fluorochromes (24xCyte kit MetaSystems). Probes and
metaphase chromosomes denaturation and hybridization were performed
according to manufacturer’s instructions. Briefly, the slides were incubated
at 70 °C in saline solution (2x SSC), denatured in NaOH, dehydrated in an
ethanol series, air-dried, then covered with 10 pl of the denaturated probe
cocktail and hybridized for 24 h at 37 °C. Subse- quently, the slides were
washed with post-hybridization buffers and counterstained with 10 pl of
DAPI/antifade. The Metafer System and the Metasytems ISIS software (Carl
Zeiss) were used for signal detection and metaphase analysis. At least nine
metaphases along different culture passages exhibiting the same derivative
chro- mosomes were studied for each cell line.

RNA-seq and gRT-PCR. Growing agnospheres and tumorspheres were
harvested and RNA was extracted using RNeasy Micro Kit (Qiagen), following
manufacturer’ instructions. For qRT-PCR mRNA was converted into first-
strand cDNA using superscript Il Reverse Transcriptase (Invitrogen),
according to manufacturer’s instructions. Amplification was performed with
ABI PRISM 7900 HT (Applied Biosystem) using Tagman Probes (Applied
Biosystem). Ct values were normalized versus HPRT1 and represented in
the heatmap as 40 - Ct. Results are repre- sentatives of at least two
independent experiments.

For Quant-seq 3' mRNA sequencing, total RNA from agnospheres and
tumorspheres or from FFPE patient tissues was purified using RNeasy Micro Kit
(Qiagen) or Maxwell® RSC RNA FFPE Kit (Promega), respectively. Total RNA was
quantified using the Qubit 2.0 fluorimetric Assay (Thermo Fisher Scientific).
Libraries were prepared from 100 ng of total RNA using the QuantSeq 3’
mRNA- Seq Library Prep Kit FWD for Illumina (Lexogen GmbH). Quality of
libraries was assessed by using screen tape High-sensitivity DNA D1000
(Agilent Technologies). Libraries were sequenced on a NovaSeq 6000
sequencing system using an S1, 100 cycles flow cell (Illumina Inc.).

Alignment and normalization of QuantSeq RNA data. [llumina novaSeq
base call (BCL) files were converted in fastq file through bcl2fastq (version
v2.20.0.422, Illumina Inc.). Sequence reads were trimmed using bbduk
software (bbmap suite 37.31, Joint Genome Institute) to remove adapter
sequences, poly-A tails, and low- quality end bases (regions with average
quality <6). Alignment was performed with STAR 2.6.0a
(RRID:SCR_015899)5? on hg38 reference assembly obtained from
cellRanger website (Single-Cell Gene Expression, 10x Genomics; Ensembl
Assembly 93). The expression levels of genes were determined with htseq-
count

0.9.1 by using cellRanger pre-build genes annotations (Single-Cell Gene Expres-
sion, 10x Genomics; Ensembl Assembly 93). Genes with an average number
of CPM (counts per million) <5 and Perc of duplicated reads >20% were
filtered out. Data normalization were performed using edgeR
(RRID:SCR_012802)69,

Analysis of embryonic stem cell signature. Transcriptional profiles of agno-
spheres and tumorspheres were first averaged across replicates, and then
geneswith an average CPM < 1 across all samples removed. Then averaged
transcriptional profiles of spheres and transcriptional profiles of CUP tissues
were converted in z- score and the gene set enrichment analysis (GSEA)®1
was performed using as input the ES cell signature as described by Ben-
Porath et al.22, The expression profiles and clinical information of 942 breast
cancer patients described by Ben-Porath

etal.22 were downloaded from barc.wi.mit.edu/benporath. Patients’
transcriptional

profiles were first converted in z-scores and GSEA performed as above. Then,
median enrichment score of each gene signature was plotted grouping
patients according to their breast tumor grade. Finally, gene expression
profiles of human ES cell lines H7, HUES1, HUES8, and HUES9 were retrieved
from ref. 2 with accession number GSE102311, and GSEA was performed
after transcriptional profiles were converted in z-scores. GSEA and
associated statistics were computed using the fgsea package in R statistical
environment version 3.6.

Generation and validation of the trametinib response signature. The basal
expression profile of ~1000 CCLs was obtained using RNA-seq from Cancer
Cell Line Encyclopedia?¥43 (https://portals.broadinstitute.or (ccle). Cell
lines derived from liquid tumors were discarded, and only celF ines derived
from solid tumors were used for the following analysis. The raw counts of
each gene across the cancer cell lines were normalized using edgeR®3. Data
on cell line response to trametinib were previously generated by Rees et al.42
and expressed in terms of area under the curve (AUC), which reflects the in
vitro response to trametinib of each cancer cell line?* over 72 h. In
particular, lower values of AUC are associated with a higher sensitivity to
trametinib and vice versa. A total of 445 CCLs, for which both trametinib
response and expression data were available, were used to identify marker
genes associated to trametinib resistance, as described below. The gene
signature to predict trametinib response from transcriptional data was
identified as depicted in Supplementary Fig. 4m—o. First, we computed
Pearson correlation
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coefficient (PCC) between the expression of each gene and trametinib potency
measured by mean of AUC across the 445 distinct CCLs selected, as described
above. We then considered the top 1000 genes with highest PCC as putative
marker genes of trametinib resistance, because higher expression of these
genes is asso- ciated with lower potency of trametinib across the panel of the
445 used CCLs. Finally, a machine-learning approach based on recursive
feature elimination (RFE) and support vector machines (SVMs) was used to
identify the 500 (out of 1000) genes whose expression values were best at
discriminating resistant from sensitive trametinib CCLs®%5, In particular, we
used linear SVMs that were trained and tested using the kernlab package in
the R statistical environment version 3.6

(ref. ©0). For RFE, trametinib sensitive CCLs were defined as those which
AUC

values were in the 5% quartile of trametinib AUC distribution across the 445
CCLs used in this study. On the other hand, trametinib resistant CCLs were
defined as those whose AUC values were in the 95% quartile. We used GSEA
to predict the trametinib response by checking whether marker genes of
trametinib resistance identified as above were either downregulated or
upregulated across a given transcriptional profile (Supplementary Fig. 4m).
Hence, in each transcriptional profile, genes are first sorted form the most to
the least expressed and then GSEA is performed using as input the identified
marker genes of trametinib resistance. A positive enrichment score means
that genes associated with trametinib resistance are highly expressed in the
transcriptional profile, thus predicting resistance of these cells to trametinib
treatment. Conversely, a negative enrichment score indi- cates alow
expression of marker genes of trametinib resistance, and thus it predicts
sensitivity to trametinib treatment (Supplementary Fig. 4n). Validation of the
method was performed by predicting the trametinib response in an
independent dataset of 634 CCLs from Garnett et al.** (Genomics of Drug
Sensitivity in Cancer: https://www.cancerrxgene.org/), for which basal gene
expression from microarray and trametinib response in term of IC50 were
available. We then computed the percentage of correctly predicted sensitive
and resistant CCLs (Supplementary Fig. 4n). Specifically, CCLs sensitive to
trametinib were defined as those with an IC50 < 1 uM, while all the other
were considered as resistant. We obtained an average classification
accuracy of ~76% across the two classes (sensitive and resistant) of CCLs. In
all the analyses described above GSEA and associated statistics were
computed using the fgsea package in R statistical environment version 3.6.

Analysis of trametinib response signature. Agnospheres, tumorspheres, or
patient tissues transcriptional profiles were first averaged across replicates
when present, then genes with an average CPM < 1 across all samples filtered
out. Before applying GSEA, averaged transcriptional profiles of each sample
was converted in z-score. GSEA®T was performed using as input identified
marker genes of trame- tinib resistance with the fgsea package in R
statistical environment version 3.6.

Immunoluorescence and cell immunohistochemistry. Samples undergoing
immunofluorescence were either FFPE tumor specimens or growing
agnospheres or colosphere mCRC729. The latter were harvested, fixed 10
min with PFA 4% at 4 °C, washed in PBS, suspended in bio-agar for cyto-
inclusion (Bio-Optica) at 42 °C, and processed for inclusion in paraffin. All
staining were performed as previously described®’. Images were acquired
using a LEICA SPEII confocal microscope, equipped with a 40x oil objective
and a 1.5x zoom for a final mag- nification of 600x. Optical single sections
were acquired with a scanning mode format of 1024 x 1024 pixels.
Fluorochrome unmixing was performed by acquisi- tion of automated-
sequential collection of multichannel images, to reduce spectral crosstalk
between channels. For immunohistochemical staining, an additional
peroxidase blocking was performed in H202 3% methanol 50% incubated 20
min in the dark. For primary and secondary antibody concentrations, see
reagents. Secondary antibodies were HRP-conjugated (Dako), and DAB
substrate chromo- gen kit (Dako) was used for detection. Nuclei were
counterstained with hema- toxylin. Images were acquired through LASV4.2
software and are representative of at least three independent
immunostainings.

Western blot analysis. Total protein were extracted using RIPA buffer
supple- mented with a protease inhibitor cocktail (Roche Life Science),
NaVO3 1 mM, and NaF 1 mM, subjected to sonication, quantified using BCA
methods (Pierce), and 20 pug were separated on SDS—polyacrylamide
gradient gel 4—12% or 4-20% (Invitrogen) and blotted onto nitrocellulose
membrane. After blocking, primary antibodies were incubated at the
indicated concentrations (see reagents). After incubation with HRP-
conjugated secondary antibodies (Jackson Lab), enhanced
chemiluminescence (Biorad) was used for detection according to
manufacturer’s instructions and images were acquired with the ChemiDoc
Touch™ Imaging System (Biorad) through Image Lab software. B-Actin or
32-tubulin were used as protein loading control as indicated. The results
shown are representative of atleast three independent experiments.

In vitro limiting dilution assay. Agnospheres were dissociated and seeded at
limiting dilution concentration (1-100 cells/100 pl) in ultra-low-attachment
96- well microtiters (Corning). “Positive tests” were defined as wells with
primary spheres with a diameter= 100 pm. Stem cell frequency was
calculated using the ELDA software®8
(http://bioinf.wehi.edu.au/software/elda/). Means and 95%

confidence intervals (CI) are shown (n 2 3 independent experiments).
Primary spheres were harvested, dissociated, and seeded at the same
dilutions for a second and a third passage to assess long-term propagation.

Cell viability. Agnospheres were dissociated and seeded in culture medium in
96- microtiter wells at the concentration of 200 cells/100 pl in the case of
AS901, AS906, AS43, and AS67,500 cells/100 pl in the case of AS914 or
1000 cells/100 pl in the case of N-AS47. Trametinib (GSK1120212;
Selleckchem) or vehicle (DMSO) were added immediately after seeding and
every 5 days at the indicated con- centrations. ATP consumption was
measured 4 or 10 days after cell seeding with Cell Titer Glo (Promega)
according to manufacturer’ instructions, using GloMax 96 Microplate
Luminometer and GloMax®-96 software (Promega). In each experiment, the
average of relative luminesce values (n 2 6 technical replicates) was
normalized vs. untreated control and fold changes were reported (n23
mean = SEM, ANOVA, Bonferroni multicomparison test).

In vivo agnosphere transplantation. To assess the tumorigenic potential,
agno- spheres were dissociated as single-cell suspensions and counted with
trypanblueto exclude dead cells. A total of 105 cells were resuspended in 50
ul of culture medium mixed 1:1 with matrigel—growth factor reduced (BD
Bioscience) and injected subcutaneously in the flank of 5—6-week-old male
NOD.CB17-Prkdcscid/] mice (referred to as “spheropatients”), obtaining
100% engraftment efficiency. During the procedure anesthesia with 2.5%
isofluorane in 100% oxygen ata flow rate of 11/ min was delivered to mice.
Tumors grown at the injection site (IS-tumors) were explanted and FFPE to
undergo histopathological evaluation and comparison with original tumors,
as detailed above for patients.

Tumor-initiating cell frequency (in vivo limiting dilution assay). For in vivo
LDA, single-cell suspensions of 10%, 104, 103, 102, or 10 cells were
subcutaneously injected into immunocompromised mice (P0) as above.
Tumor intake (formation of IS-tumors) was monitored up to 7 months after
transplantation or until spon- taneous death, and the in vivo TIC frequency
was calculated with the ELDA software as above. Mice dead before the
experimental endpoint that did not gen- erate a tumor were excluded from
the counts. From PO tumors agnospheres were re-derived in culture by
enzymatic digestion with collagenase as above, and, after 1 week of
recovery in culture, they were dissociated and transplanted for a second
passage in mice (P1) at the same cell dilutions as above®. In some
experiments, the procedure was further repeated for a third passage (P2).

Assessment of spontaneous metastases. Agnospheres and colosphere
mCRC729 were engineered to express luciferase. Briefly, single-ceﬁ
suspensions were seeded in ultra-low-attachment six-well microplates at 5
x 105 cells/well concentration in 1.5 ml of culture medium. Lentiviral
particles carrying pCMV- Luciferase or pCMV-Luciferase-IRES-GFP transfer
vectors were added at 5 MOI. After 6 h, 1 ml medium was added, and 24 h
later the medium was replaced.

Transduction efficiency was assessed at 72 h by fluorescence microscopy
showing 98% in all agnospheres. Transduced agnospheres were dissociated
to single-cell suspensions, and 5 x 10% cells were injected as detailed above in
the flank of NOD/ SCID mice. Within a month after transplantation, tumors

reached ~300 mm3 and were surgically removed under anesthesia (as
above) to prevent tumor overgrowth during subsequent metastasis
monitoring. Tumor volume was measured with a caliperand calculated using
the formula: (d)? x (D)/2, where d and D are the minor and the major tumor
axis, respectively. Analgesics were delivered to the animals according to
institutional guidelines. Bioluminescence in vivo imaging was acquired with
IVIS® Lumina and IVIS imaging software (Caliper Life Sciences) starting from
the day after surgery. Luciferin (D-Luciferin potassium salt, Caliper Life
Sciences) dissolved in PBS (150 mg/kg) was administered to mice by sub-
cutaneous injection. Anesthesia was delivered in the induction chamber with
2.5% isoflurane in 100% oxygen at a flow rate of 11/min and maintained
during IVIS imaging with a 1.5% isoflurane mixture as above at 0.5 1/min. To
mask residual signals from the subcutaneous tumor, a black tape was
applied during imaging. Luminescent signals were monitored weekly until
mice reached the clinical end- point. For ex vivo imaging, luciferin was
administered as above, mice were euthanized by carbon dioxide inhalation
and all organs were immediately explanted and analyzed with IVIS. Organs
were FFPE to undergo histopathological evaluation and comparison with
original tumors as above. The frequency of metastatic sites was assessed by
ex vivo organ luminescence and by immunohis- tochemistry of CUP-specific
markers in organ sections. Such frequency could be underestimated for
missed identification of micrometastases in some organs. To assess early
dissemination, mice transplanted with AS43 were euthanized 10 days after
subcutaneous injection, and explanted organs were FFPE and analyzed

as above.

In vivo trametinib treatment. Unlabeled agnospheres were inoculated
subcutis in immunocompromised mice. When tumors reached ~150 mm3,
mice were rando- mized in two groups (control and trametinib-treated)
using LAS software’?, For treatment, trametinib was dissolved in hydroxi-
methylcellulose 0.5%-Tween 80 and administered by oral gavage at 1
mg/Kg/die (therapeutic range in preclinical models: 0.3—3 mg/kg/die)*1.
Tumor volume was measured and calculated as above,

14 | (2021)12:2498 | https://doi.org/10.1038/s41467-021-22643-w | www.nature.com/naturecommunications



ARTICLE

and expressed as fold changes vs. day 0 for each mouse. For each experiment,
n26 mice/group were used. Statistical significance was determined by two-
way ANOVA. The survival curve was generated considering a tumor volume

0f 1600 mm3 as experimental endpoint, and statistical significance was
calculated using log-rank (Mantel-Cox test).

Statistical analysis. Results were expressed as mean + standard error of the
mean (SEM) of at least three independent experiments. Statistical
comparisons were performed using Prism v8.0 software (RRID:SCR_005375;
GraphPad). Chi-squared test was used for limiting dilution experiments
performed by ELDA software.

ANOVA (Bonferroni’s multiple comparison test correction) was used for
assess- ment of in vitro trametinib and selumetinib effect. Two-way ANOVA
was used for tumor growth curves, Mantel-Cox test for survival curves and
two-way ANOVA (Sidak’s for multiple comparisons) for evaluation of
vital/necrotic tumor areas. A p value <0.05 or a false discovery rate < 10% was
considered significant. For RNA-seq analysis the fgsea package in R statistical
environment version 3.6 was used.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Complete datasets related to WES analysis of somatic mutations, referring to
Supplementary Table 3, were deposited in the European Genome-phenome Archive
(EGA), under the accession code EGAS00001004868. Raw data relative to 3'UTR-
Seq, referring to Figs. 2d and 5g-I and Supplementary Fig. 1d, e were uploaded in
the Gene Expression Omnibus (GEO) repository, under the accession code
GSE167473. Datasets from public databases are available at these web links:
Cancer Cell Line Encyclopedia: https://portals.broadinstitute.org/ccle; Genomics
of Drug Sensitivity in Cancer: https:// www.cancerrxgene.org/. Source data are
provided with this paper.
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Supplementary Figure 2. Agnospheres generate phenocopies of the original tumors.
a, Histopathological features (H&E) and immunohistochemistry with antibodies used for
CUP diagnosis, in: patients’ metastases, tumors formed at the subcutaneous injection
site (IS-tumor) and agnospheres. CDX2 and CK5 are expressed only in focal areas of
original tumors AGN901 and AGN906, respectively (see Supplementary Table 1). A
representative image of 1S-tumor is shown (n=3 independent stainings, for each marker
similar results were obtained). The patient tumor tissue of case 67 includes intestinal
crypts (arrows) as it was excised from a mass infiltrating the colonic wall, carefully

excluded to be a primary site. Scale bar, 50 um. b, Immunofluorescent staining of stem



cell markers in tumors formed at the subcutaneous injection site of agnospheres AS67
and AS914 and metastatic colosphere mMCRC729. A representative image of IS-tumor is
shown (n=3 independent stainings, for each marker similar results were obtained).
Scale bar, 50 um. BCA225: breast cancer antigen 225; CDX2: caudal type homeobox 2;
CK: cytokeratin; H&E: hematoxylin and eosin; N/A: not available. ¢, In vivo limiting
dilution assay of melanosphere mMS321. The indicated numbers of melanosphere cells
(10*-10") were transplanted subcutis into immunocompromised mice (P0). TIC: Tumor-

initiating cell frequency. C.l.: confidence interval.
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Supplementary Figure 3. Subcutaneously transplanted agnospheres reproduce the early

and multi-organ metastatic pattern of CUP patients while spheres from metastatic



colorectal cancer do not metastasize. a-c, Histopathology (H&E staining) and
immunohistochemistry of metastases in the indicated organs from spheropatients,
performed with human-specific antibodies against markers ubiquitously expressed in the
original CUPs. Representative images are shown for each organ. a, AS901 spheropatient,
immunostaining for Cytokeratin 18 (CK18); AS906 spheropatient, immunostaining for
Vimentin. Scale bar, 50 um. b, AS43 spheropatient, immunostaining for BCA225. Scale
bar, 50 um. ¢, N-AS47 spheropatient, immunostaining for Synaptophysin. Inset: image
magnification is shown in the row below. Scale bar, 50 um. d, Outline of longitudinal in vivo
monitoring of spheropatients transplanted subcutis with luciferase-labelled colosphere
mCRC729, followed by end-point ex-vivo organ imaging with IVIS. IS-tumor: injection site
tumor. e, Representative in vivo images of mice transplanted with mCRC729 (n=14 mice)
and ex-vivo images of different organs (bottom), taken 30 weeks after transplantation,
showing absence of bioluminescent signals suggestive of metastases. Signals detected in

mice #9 and #10 (top) correspond to local regrowth after IS-tumor removal.
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Abstract

The genetic changes sustaining the development of cancers of
unknown primary (CUP) remain elusive. The whole-exome genomic
profiling of 14 rigorously selected CUP samples did not reveal
specific recurring mutation in known driver genes. However, by
comparing the mutational landscape of CUPs with that of most
other human tumor types, it emerged a consistent enrichment of
changes in genes belonging to the axon guidance KEGG pathway.
In particular, G842C mutation of PlexinB2 (PIxnB2) was predicted
to be activating. Indeed, knocking down the mutated, but not the
wild-type, PIxnB2 in CUP stem cells resulted in the impairment of
self-renewal and proliferation in culture, as well as tumorigenic
capacity in mice. Conversely, the genetic transfer of G842C-PIxnB2
was sufficient to promote CUP stem cell proliferation and tumori-
genesis in mice. Notably, G842C-PIxnB2 expression in CUP cells
was associated with basal EGFR phosphorylation, and EGFR block-
ade impaired the viability of CUP cells reliant on the mutated
receptor. Moreover, the mutated PIxnB2 elicited CUP cell invasive-
ness, blocked by EGFR inhibitor treatment. In sum, we found that a
novel activating mutation of the axon guidance gene PLXNB2
sustains proliferative autonomy and confers invasive properties to
stem cells isolated from cancers of unknown primary, in EGFR-
dependent manner.
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Introduction

Cancer of unknown primary (CUP) is a heterogeneous clinical
syndrome and pathological entity represented by metastatic
tumors that are first time diagnosed in the absence of a clini-
cally detectable primary lesion (Fizazi et al, 2015; Rassy &
Pavlidis, 2020). CUPs account for about 2-5% of all cancer
diagnoses and are characterized by a rapidly progressing clini-
cal course and short median survival (< 1 year) (Pavlidis &
Pentheroudakis, 2012; Olivier et al, 2021). Thus far, although
high throughput sequencing has been applied to CUP samples,
their genetic landscape remains poorly understood, and the
molecular mechanisms underpinning the early metastatic
dissemination still await elucidation. In most recent years,
CUPs were subjected to genomic surveys focused on panels of
genes considered oncogenic drivers and selected according to
their relevance as potential therapeutic targets (Ross
et al, 2015, 2021; Lo" ffler et al, 2016; Subbiah er al, 2017;
Varghese et al, 2017; Zehir et al, 2017; Benvenuti et al, 2020).
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In all studies, the most recurrent and biologically relevant
alterations observed were those affecting TP53 (about 50% of
the samples), while CUP-specific genetic changes did not
emerge.

Notably, beyond the impact of individual mutations, the
genetic landscape of other cancer types revealed the enrichment
of diverse alterations in components of the same functional
pathway. For example, genomic analyses revealed changes in
axon guidance pathway genes in highly metastatic tumors such
as pancreatic adenocarcinoma (Biankin et al, 2012) and neurob-
lastoma (Li er al, 2017). Indeed, axon guidance cues, beyond
their role in the wiring of the neural network, are known to
control a wide range of cell migration processes and are
increasingly implicated in human cancer (Ch.edotal et al, 2005).
For example, neural crest cells disseminate throughout the
organism in response to specific attractive and repelling cues
encoded by genes in this family (e.g., SDF1/CXCL12, Neureg-
ulin, GDNF/Artemin, and Sema3A/3F). Other signals controlling
both axonal navigation and cell migration include hepatocyte
growth factor, and large families of guidance cues conserved
in evolution: Semaphorins, Ephrins, Netrins, and Slits (Hinck,
2004). In fact, the specific receptors for these signals are
expressed on the surface of migrating cells and extending axons.
In particular, semaphorins form the largest family of guidance
cues, either secreted or membrane bound, and their specific
transmembrane receptors are represented by the Plexins, count-
ing nine members in humans (Yazdani & Terman, 2006;
Neufeld er al, 2016). This complex and versatile vocabulary of
signaling molecules is widely used in development, while most
guidance cues are downregulated in the adult stage; yet, their
functional relevance resumes in case of tissue remodeling and
regeneration, as well as in cancer (Ch,edotal er al, 2005; Fard &
Tamagnone, 2021).

In the present work, we aimed at characterizing the genetic
landscape of the CUP syndrome, undertaking for the first time a
whole-exome analysis on a cohort of unambiguously selected CUP
patients, in order to discover any genetic dependencies and func-
tional vulnerabilities. In addition, we explored the potential
enrichment, in CUPs, of mutations affecting specific signaling
pathways; this revealed a putative functional role of axon guid-
ance genes, and of the mutated semaphorin receptor PLXNB2 in
particular. Notably, previous studies have implicated this axon
guidance receptor in the regulation of cancer cell proliferation,
invasiveness, and metastatic spreading (Le et al, 2015, Yu
et al, 2017; Gurrapu et al, 2018; Huang et al, 2021); however,
nothing was known about PLXNB2 mutations in cancer, or in
other settings.

In order to study the functional role of mutated PLXNB2 in
CUP development, we exploited a validated experimental model
in culture, that is, cancer stem cell-enriched spheroids derived
from CUP biopsies (Verginelli er al, 2021), which have been
previously demonstrated to faithfully recapitulate the original
CUP phenotype and genetic landscape, including PLXNB2 muta-
tion. Our data indicate that G842C-PLXNB2 is a novel genetic
change enhancing CUP stem cell proliferation, tumorigenic
capacity, and EGFR kinase-dependent invasiveness, providing a
bona fide proof-of-principle of the functional involvement of
mutated axon guidance genes in CUP development.

Serena Brundu et al

Results

Whole-exome sequencing of metastasis in a cohort of
CUP patients

We undertook a comprehensive genetic analysis of metastases biop-
sied from 14 CUP patients, unambiguously selected adopting the
2015 ESMO guidelines (Fizazi et al, 2015), as described in the Mate-
rials and Methods section. Patients included seven women and
seven men, with a median age at presentation of 57 (range 42—71)
years; one patient had a single metastasis, while the other 13
presented with multiple metastases at diagnosis. The clinicopatho-
logical details of these cases are listed in Table EV1 (while
Appendix Fig S1 shows representative histological images).

We performed whole-exome sequencing (WES) on DNA
extracted from this collection of CUP samples; gDNA from respec-
tive patients’ PBMCs was used as normal matched control. Genetic
alterations have been detected in all samples. However, it was possi-
ble to identify three subgroups in the cohort: five tumors may be
defined as hypomutated (displaying < 50 genetic alterations per
exome), six were normomutated (displaying from 50-250 muta-
tions), and three were hypermutated (with more than 106 mutations
per sequenced megabase; Campbell er al, 2017); the hypermutated
status was associated with mutations in either BRCAI, BRCA2, or
POLE (see Table EV1).

When ranking genetic changes, based on the frequency in the
whole panel of CUPs, the top mutated gene TP53 was altered in
43% of the samples, consistent with previous evidence in the litera-
ture (Tothill er al, 2013; Ross et al, 2015). The transmembrane
transporter ABCA13, the Sushi Domain-Containing Protein 3 precur-
sor CSMD3, the two proteins DNAH2 and DNAHg involved in ATP
hydrolysis and flagella movement, the axon guidance cue PLXNA4,
the extracellular matrix protein USH2A, and the two transcription
factors ZFHX3 and ZFHX4 were mutated in 36% of the analyzed
CUP samples. We furthermore expectedly found frequent mutations
in giant genes TTN (57% of samples) and OBSCN (mutated in 36%),
which are at high risk of genetic changes due to random DNA repair
errors (Tan et al, 2015).

We wondered whether any functional pathways were more
frequently hit by genetic changes in CUPs. To answer this question,
we applied MEGA-V algorithm (Gambardella et al, 2017) to compar-
atively analyze the status of genes grouped in 186 KEGG pathways
(Kanehisa & Goto, 2000), within our panel of CUP samples versus in
datasets derived from 33 different cohorts of patients affected by
other tumor types (TCGA mutation database; https://gdc.cancer.
gov/). Notably, in comparison with nine tumor types with higher
mutational load, CUPs did not show a significantly greater number
of genetic changes in any of the KEGG functional pathways.
However, based on 24 informative tumor comparisons, certain path-
ways arose as more frequently mutated in CUPs in statistically
significant manner (FDR < 0.1; see Dataset EV1). Among top hits,
the Axon Guidance pathway (hsao4360; https://www.genome.jp/
entry/pathway+hsao4360) caught our attention, due to its emerg-
ing role in cancer progression and metastasis (Ch,edotal er al, 2005),
and because it included one of the top frequently mutated genes in
our CUP cohort, PLXNA4. In addition, the axon guidance gene MET
had been found mutated in a panel of stringently selected CUP cases
(Stella et al, 2011). Importantly, MEGA-V analysis showed that
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Figure 1. Heatmap representing a hierarchical clustering analysis of the expression profiles of axon guidance genes mutated in the CUP cohort.

By analyzing the transcriptomic profile of each tumor sample, z-score values were calculated, as log2(cpm + 1). Mutated genes belonging to the Axon Guidance pathway
(as annotated in KEGG pathway database) were then extracted and hierarchical clustering analysis was performed using Morpheus tool (https:/software.broadinstitute.
org/morpheus/), with the following setting parameters: Metric: Euclidean distance; Linkage method: Average.

mutations in axon guidance pathway genes were enriched in CUPs
versus each of the 24 comparable tumor types and never under-
represented; and this difference was highly statistically significant
(with FDR < 0.1 in all cases, but one with FDR = 0.103). Moreover,
over 70% of the samples in the CUP cohort, independent of
histopathological features, actually carried mutations in genes of the
axon guidance pathway, with one or often multiple hits, and up to
21 genetic changes in some cases (Table EV1; sequencing data
deposited in the European Genome-phenome Archive, under the
accession code EGAS00001004868).

In order to tackle the potential functional involvement of these
mutated genes in the CUP phenotype, we complemented WES anal-
ysis with gene expression profiling. The analysis was performed on
10 out of 14 samples for which RNA was available, and we focused

© 2023 The Authors

our attention on axon guidance genes found to be mutated in CUPs
(Fig 1). Based on Z-score determination in each sample, a small
cluster of three genes resulted prominently expressed in all CUPs:
CXCR4, PPP3CA and especially PLXNB2, suggesting that their
mutated transcripts are likely to be expressed and potentially impact
on CUP cell behavior.

A PLXNB2 mutation found in our CUP cohort, and not reported
previously in COSMIC, encoding p.G842C amino acid change, was
particularly intriguing based on our structural in silico analysis (de-
tailed below). Moreover, this change was found to be conserved in
14 independent metastatic lesions biopsied in the CUP patient
AGN43, as well as in the matched patient-derived ex-vivo model,
called agnospheres (Verginelli er al, 2021). Two other PLXNB2
mutations (encoding R531P and L1058S amino acid changes) were

EMBO Molecular Medicine 15:e16104]2023 3 of 20
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B2MUT 803 PVITRIQPETGPLGGGIRITILGSNLGVQAGDI—QRISVAIRNESFQPERYSVSTRIVE 860
B2 803 PVITRIQPETGPLGGGIRITILGSNLGVQAGDI-QRISVAGRNCSFQPERYSVSTRIVE 860
B1 1070 PLIHSVEPLTGPVDGGTRVIIRGSNLGOHVQODVLGMVTVAGVPCAVDAQEYEVSSSIVE 1128
B3 856 ESIDAVEELTGEPEGGLALTILGSNGGRAFADVQYAVSVASRPENPEPSLYRTSARIVE 916
Al 864 PKILKLSPETGPROGGTRLTITGENLGLRFEDVRLGVRVGKVLCSPVESEYISAEQIVE 922
A2 858 POITEILTVSGPPEGGTRVIIHGVNLGLDFSEIAHHVOVAGVPCTPLPGEXITAEQIVE 916
A3 810 PRI TQIHPLVGPKEGGTRVIIVGENLGLLSREVG--LRVAGVRCNSI PAEYISAERIVC 866
A4 858 PRITEIIPVTGPREGGTKVIIRGENLGLE FRDIASHVKVAGVECSPLVDGYIPAEQIVE 916
D1 891 PEIHATIEPLSGPLDGGTLLTIRGRNLGRRLSDVAHGVWIGGVACEPLPDRYTVSEEIVE 949
Met 657 PVITSI SPKYGPMAGGTLLTILTG-NYL--NSGNSRHISIGEGKTCTLK---SVSNSILEC 709

Figure 2. Multiple alignment of the primary sequences of IPT domains found in Plexin family members and in the homologous Met receptor.

In the first line is reported the G842C-mutated sequence of IPT3 domain of PlexinB2, found in CUP samples. The primary sequences of corresponding IPT3 domains in
plexin family members, and in Met receptor tyrosine kinase, are aligned. Nucleotide positions at start/end of the nucleotide stretches are indicated. Highlighted in yellow
are highly conserved amino acid residues. Cysteines engaged in disulfide bonds are underlined. The conserved glycine mutated in PIxnB2 is indicated in bold, as well as

neighboring cysteines potentially engaged in covalent links.

found in independent CUP samples, from which it was not possible
to derive ex vivo primary cancer cell models. We therefore decided
to focus our study on the potential pathogenic role of this mutant
axon guidance receptor in CUP cells.

G842C mutation of PlxnB2 replaces a conserved residue in
the extracellular domain, with predicted impact on
receptor conformation

PlxnB2 belongs to the plexin family of semaphorin receptors, which
comprises nine members in humans. The extracellular moiety of
these single-pass transmembrane proteins includes a conserved
sema domain, followed by series of cysteine-rich PSI motifs and IPT
domains; the latter are characterized by an immunoglobulin-like
fold and considered a protein—protein interaction interface. In silico
analysis of PlxnB2 primary amino acid sequence revealed that
Gly842 residue is located in the frame of the conserved third
immunoglobulin-like IPT domain. This amino acid site is topologi-
cally conserved in six out of nine members of the human plexin
family; moreover, it is located upstream of two cysteines (in +3 and

+18 position), which are conserved in the corresponding IPT
domain of all plexins, and known to be linked by a disulfide
intramolecular bond (Fig 2). A similar structure is found in the
homologous first IPT domain of Met and Ron tyrosine kinase recep-
tors, which were previously found to be affected by activating muta-
tions in human cancers (Ma et al, 2010; Navis et al, 2015).

In order to predict the potential damaging impact of G842C
amino acid change in PlxnB2, the structure of this protein was
retrieved from Alphafold database (Jumper et al, 2021; Varadi
et al, 2022) and three-dimensional model structures of human wild-
type plexin and of G842C variant have been generated. Molecular
dynamics (MD) simulations were then run to challenge the system.
As shown in Fig 3A (focusing on the IPT3 domain), the superimpo-
sition of the wild-type protein so obtained (gray structure) with the
selected variant (red structure) demonstrates that this mutation does
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not alter significantly the global fold of PlxnB2 quaternary structure.
At the same time, the results of two consecutive MD runs, of 500 ns
each, clearly revealed that the mutation caused structural instability
of the IPT3 protein domain (Fig 3B and C), as revealed by an
increase in root-mean-square deviation of atomic position (RMSD)
values with respect to the wild type, along both measured trajecto-
ries. Such tertiary structure variation occurs as the substitution of
the small glycine residue in this position slackens the loop between
BC and BD strands, entailing a greater flexibility on the entire IPT3
domain, and the eventual unfolding of BG strand in the G842C
mutant (red structure) with respect to the wild-type protein (gray
structure).

Notably, as discussed previously, the variant Cys842 residue is
located at a binding distance with both Cys845 and Cys860 residues;
therefore, an equilibrium among alternative intrachain disulfide
bonds is conceivable. Accordingly, two alternative structures have
been analyzed, challenging the formation of disulfide bridges
between residues 842—-845 (G842C | 842—845) or 842—-860 (G842C |
842-860), and two MD simulations of 500 ns each were run for any
structure determined. In Fig 3D and E are shown the superimposi-
tions between the wild-type protein structure (gray) and the
predicted structure of MD simulations for G842C | 842—845 (blue) or
G842C | 842-860 (green), respectively. It is noteworthy that these
potential changes in the native fold are not subverting the global
structure of PlxnB2, but lead to further destabilization of the tertiary
structure of the IPT3 domain, as demonstrated by increased RMSD
values compared with both the wild-type and the mutant p.G842C
structure shown above (Fig 3F and G). Again, the main culprit is the
disruption of the BG strand; but here, due to alternative disulfide
bond formation, this is also accompanied by repositioning and
partial unfolding of the BD strand, thus enhancing the divergence in
BETARMSD score with respect to the wild-type protein (Fig EV1).

In order to validate the relevance of our in silico predictions
about the impact of G842C mutation, we analogously assessed the
consequence of introducing the other PlxnB2 mutations found in

© 2023 The Authors
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Figure 3. Structural molecular modeling of PlxnB2 wild-type and G842C-mutated form.

A D, E
green) compared with WT most representative conformation (in gray).

Most representative conformations of IPT3 domains of PIxnB2 p.G842C (A, in red), PIxnB2 p.G842C 842-845 (D, in blue) and PIxnB2 p.G842C 842-860 (E, in

B,C,F,G RMSD plots of the concatenated replicas of the 4 mentioned IPT3 domains [PIxnB2 WT, p.G482C, p.G842C/842-845, and p.G842C/842-860, respectively].

CUP samples, R531P and P1058S, as well as mutations in the IPT3
domain of PlxnB2 reported in COSMIC and TCGA databases:
R820H, L828F, R843Q, and Y852C (see Materials and Methods for
data source). This analysis revealed that none of the other muta-
tions had a comparable impact as G842C on the tridimensional
conformation of the protein. Notably, simulations for few other
mutations falling in the IPT3 domain of PlxnB2 (i.e., R820H, R843Q,
and Y852) revealed modest but appreciable alterations of the RMSD
plots (Fig EV2).

© 2023 The Authors

G842C is a putative gain-of-function mutation leading to PlxnB2
activation in ligand-independent manner

Plexins are well-known receptors for semaphorins, and the prime
ligand for PlxnB2 is Semaq4C (Deng et al, 2007). Notably,
semaphorin-induced plexin signaling is often associated with the
induction of the so-called “collapsed” phenotype, characterized by
retraction of cellular processes and cell rounding; this is a typical
in vitro response, which is considered a surrogate indicator of plexin
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Figure 4. G842C mutation leads to spontaneous activation of PlxnB2 signaling.

A Representative images of immunofluorescence analysis (with anti-PIxnB2 antibodies) of the phenotype of COS7 cells transfected with wild-type or mutated PIxnB2,
compared with the collapsed phenotype induced by the cognate ligand Sema4C (1 pg/ml) in cells expressing the WT receptor. Scale bar: 50 ym. A wide series of repre-
sentative microscopic images is further shown in Appendix Fig S2.

B The stacked bar graph shows the fraction of collapsed PIxnB2-expressing cells, identified as having a surface minor of 2000 pm2 (measured by ImagedJ software), out
of 50—-100 cells counted per each condition, from different fields and n > 3 experiments). The statistical analysis was performed comparing WT untreated cells with
all other groups, by Fisher’s exact test, which indicated a *****P-value < 0.00001 for Sema4C-treated and for G842C-PIxnB2-expressing cells (confirmed by ANOVA
analysis on individual cell values, shown in Appendix Fig S2). By Fisher’s test, the only other mutants significantly different from WT were R820H (P < 0.001) and

R843Q (P < 0.01), although ANOVA analysis on individual cell values shown in Appendix Fig S2 did not confirm such significance for other PIxnB2 variants.

Source data are available online for this figure.

activation. Intriguingly, COS7 cells expressing G842C-mutated
PlxnB2 displayed a prevalent collapsed phenotype in the absence of
the ligand, comparable to that induced by Sema4C in cells bearing
the wild-type receptor, which are otherwise mainly spread in basal
conditions (Fig 4A and B and Appendix Fig S2). Notably, cells over-
expressing the other PlxnB2-IPT3 mutants described above did not
show significant changes in the basal phenotype or displayed a
modest increase in the number of collapsed cells, significantly infe-
rior to that elicited by G842C mutation discovered in CUPs (Fig 4A
and B and Appendix Fig S2). We concluded that G842C-PlxnB2
acts as a putative gain-of-function mutation, leading to ligand-
independent receptor activation in overexpressing cells. Notewor-
thy, although the IPT3 domain of plexins is presumptively not impli-
cated in ligand binding, we also verified whether G842C-PlxnB2
mutation may affect the interaction with Sema4C. Indeed, in a clas-
sical in siru binding assay with alkaline-conjugated Sema4qC, the
interaction with the mutated receptor expressed in COS cells
appeared unchanged, compared with the wild-type counterpart
(Appendix Fig S3).

Knocking down G842C-mutated, but not wild-type PlxnB2,
hampers CUP cell viability, clonogenic capacity, and tumorigenic
growth in mice

In order to assess the functional relevance of endogenous G842C-
mutated PlxnB2 protein, we knocked down its expression in

6 of 20  EMBO Molecular Medicine 15:e16104 | 2023

agnospheres AS43, derived from CUP patient AGN43 (validation
data in Fig EV3), and evaluated cell proliferation and stem cell
frequency. As a comparison, we performed similar experiments in
agnospheres AS901, AS906, or AS67 (derived from patients
AGN9go1, AGN9o6, and AGN67, respectively), which express wild-
type PlxnB2. As shown in Fig 5A, PlxnB2 knockdown had no signifi-
cant impact on the growth of agnospheres carrying wild-type PlxnB2
(compared with controls expressing scrambled shRNAs); in sharp
contrast, the depletion of G842C-mutated PlxnB2 in AS43 resulted in
a striking inhibition of cell viability and growth versus the respec-
tive controls. Similar results were obtained upon PlxnB2 depletion
by means of another independent shRNA sequence (Fig EV3).

To assess whether G842C-PlxnB2 could have an impact on
cancer cell self-renewal, we performed limiting dilution assays
(LDA). By ELDA software analysis, the stem cell frequency (featur-
ing the fraction of clonogenic cells) was estimated in each experi-
mental condition. Consistent with previous observations (Verginelli
et al, 2021), LDA demonstrated a high clonogenic capacity of AS43
control cells (Fig 5B). Interestingly, the stem cell frequency was
strongly reduced in PlxnB2-depleted AS43. By contrast, no signifi-
cant differences were observed in AS9o1, AS906, or AS67, upon
silencing the wild-type PlxnB2 receptor. Altogether, these data
suggest that AS43 cancer cells are specifically dependent on G842C-
mutated PlxnB2 for stem properties and proliferation.

Stemming from the results above, to better investigate the role of
mutated-PlxnB2 in tumor progression, we generated agnosphere-

© 2023 The Authors
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Figure 5.
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Knocking down G842C-mutated, but not wild-type PIxnB2, hampers CUP cell viability, clonogenic capacity, and tumorigenic growth in mice.

A The graphs show the analysis of cellular viability in shPIxnB2-tranduced agnospheres, compared with their respective scramble-transfected controls, after 24, 48,
72, and 96 h of growth in culture. Values are mean = SD of n> 3 independent experiments (6 technical replicates for each). The statistical significance was
assessed by two-way ANOVA with Sidak’s correction for multiple comparisons: **P= 0.0053; ****P < 0.0001.

B Limiting dilution assays (LDA, see details in Materials and Methods) were used to assess the clonogenic capacity of dissociated CUP cells derived from the same
shPIxnB2-tranduced agnospheres analyzed above, compared with their respective controls. Analyses generated by the ELDA software are shown below, reporting
the estimated stem cell frequency (percentage of clonogenic cells) with confidence intervals (C.l.) and statistical analysis by chi-square test.

C,D (C) After transplantation in immunodeficient mice of CUP cells described above, the volume of ADX43- and (D) ADX901-shPIxnB2 tumors was assessed, in compar-
ison with the respective controls. Plotted values indicate the mean + SD (n= 8 each group). The statistical significance was assessed by two-way ANOVA with

Sidak’s correction for multiple comparisons: **P= 0.0060; ****P < 0.0001.

Source data are available online for this figure.

derived xenograft (ADX) preclinical models, as described previously
(Verginelli er al, 2021); thus, we injected subcutaneously in NOD-
SCID mice either control or PlxnB2-depleted AS43 or AS9o1 CUP
models and monitored tumor growth by periodical calibration. Our
results indicated that the expression of G842C-mutated PlxnB2 is
specifically required for the growth of AS43-derived tumors. In fact,
whereas we observed a marked reduction in tumor volume in
PlxnB2-silenced ADX43 mice (Fig 5C), there was no significant dif-
ference between silenced and control tumors in ADX9o1 that carry
wild-type PlxnB2 (Fig 5D), further suggesting that G842C-mutated
(but not wt) PlxnB2 is promoting CUP-derived ADX growth in vivo.

G842C-mutated PlxnB2 enhances CUP cell proliferation and
tumor growth in vivo

Next, to determine whether the G842C mutation can actually drive
tumor cell proliferation, we overexpressed wild-type or mutated
PlxnB2 in AS901, AS906, and AS67, which do not basally carry the
mutation (validation data in Fig EV3). Interestingly, we found
enhanced proliferation of the cells overexpressing mutated PlxnB2
compared with both wt-PlxnB2 and control mock-transduced agno-
spheres (Fig 6A and Fig EV4).
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Figure 6.

To further explore the potential of G842C PlxnB2 mutation in a
preclinical model, we inoculated NOD/SCID mice with AS9o1 agno-
spheres overexpressing mutated or wild-type PlxnB2 (or mock
controls). We observed enhanced growth in tumors overexpressing
G842C-mutated PlxnB2 compared with both PlxnB2 wt and controls
(Fig 6B). Altogether, these data support the conclusion that the
mutant G842C-PlxnB2 receptor drives a mechanism promoting the
tumorigenic potential of CUP cells.

G842C-mutated PIxnB2 enhances cancer cell migration
and invasion

In a previous study, we demonstrated that higher PlxnB2 signaling
was associated with increased MCF7 cancer cell migration (Gurrapu
et al, 2018). These luminal-type breast cancer cells are rather indo-
lent and noninvasive. Thus, in order to assess a potential impact of
the G842C mutation in plexin-dependent invasiveness, we initially
overexpressed wild-type or mutated-PlxnB2 in MCF-7 cells (Fig 7A).
PlxnB2 overexpression, either wild-type or mutated, did not affect
the growth rate of MCF7 cells propagated in culture in the presence
of serum (unpublished observation, by Serena Brundu). Consistent
with previous findings, PlxnB2-WT overexpression promoted basal
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Overexpression of G842C-mutated PIxnB2 in wild-type CUP cells enhanced AS viability and tumor growth in mice.

A Time course analysis of the cellular viability of AS901, stably overexpressing either wild-type or G842C-mutated PIxnB2, or controls transduced with an empty vector.

Plotted values are the mean = SD of n= 3 independent experiments (six technical replicates for each). The statistical significance was assessed by two-way ANOVA
with Tukey’s correction for multiple comparisons. PIxnB2-G842C vs. controls (CTRL): at 24 h **P= 0.0097, 48 h **P= 0.0026, 72 h **P= 0.0079, 96 h *P= 0.0226.

PIxnB2-G842C vs. PIxnB2-WT: at 48 h *P= 0.0418, 72 h *P= 0.0318.

B Tumor growth curves of ADX 901 overexpressing either PIxnB2-G842C or PIxnB2-WT, or mock control. Plotted values are the mean = SD (n= 8 each group). The sta-
tistical significance was assessed by two-way ANOVA with Tukey’s correction for multiple comparisons. PIxnB2-G842C vs. control (CTRL): at 25 days **P= 0.0029,
28 days **P= 0.0028, 32 days **P= 0.0033. PIxnB2-G842C vs. PIxnB2-WT: at 25 days *P= 0.0221, 28 days *P= 0.0234, 32 days **P= 0.0024.

Source data are available online for this figure.
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Figure 7. Overexpression of G842C-PlxnB2 promotes cancer cell migration/invasion.

A

Western blotting showing basal endogenous or overexpressed PIxnB2, either WT or G842C-mutated isoforms, in MCF7 cells. In this wide view of the hybridized
membrane, it is appreciable the presence of full-length molecules at 250 kDa, as well as the processed 80 kDa fragments (reported in Artigiani et al, 2003). Vinculin
staining provided protein loading controls.

The graph shows the mean = SD of relative increase in 24-h spontaneous migration across Transwell inserts of MCF7 cells (analyzed above) overexpressing either
wild-type or G842C-mutated PIxnB2, versus mock-transfected controls (n= 4 biological replicates). The statistical significance was verified by one-way ANOVA with
Bonferroni correction for multiple comparisons: PIxnB2-WT vs. mock *P = 0.0145; PIxnB2-G842C vs. PIxnB2-WT *P = 0.0277; PIxnB2-G842C vs. mock ***P = 0.0002.
Representative images of the cells migrated across the semipermeable membrane are shown in Appendix Fig S4A.

Wound healing scratch assays on monolayers of MCF7 cells engineered as described above. The graph shows the mean + SD of values obtained in N= 3
independent experiments (with at least three technical replicates for each). The statistical significance was verified by one-way ANOVA with Tukey’s correction for
multiple comparisons: *P= 0.0350; **P= 0.0029; ***P= 0.0002. Representative phase contrast images of the wounded monolayers are further shown in larger size in
Appendix Fig S4B.

Western blotting analysis of endogenous and overexpressed PIxnB2 (either WT or G842C-mutated isoforms) in CUP cells AS906 (both full-length molecules at 250 kDa
and processed 80 kDa fragments). Vinculin staining provided protein loading controls.

The invasive capacity of CUP cells AS906 (shown in previous panel), overexpressing WT or G842-mutated PIxnB2 (or mock control), was assessed across Matrigel-
coated Transwell inserts. The graph shows the mean + SD of values obtained in N= 3 independent experiments (including technical duplicates, in two cases). Below
the graph, are shown representative fields of the semipermeable membranes (additional larger size images can be found in Appendix Fig S4C); scale bar: 100 m. The

Serena Brundu et al

statistical significance was verified by one-way ANOVA with Bonferroni correction for multiple comparisons: *P= 0.0406; **P= 0.0045; ***P= 0.0003.

Source data are available online for this figure.

cancer cell migration to some extent; however, here we found that
this effect was far more pronounced in the presence of G842C-
mutated receptor (Fig 7B and Appendix Fig S4A). We furthermore
analyzed MCF-7 cell migration by scratch assays, in which the gap
of a “wounded” monolayer may be filled by migrating cells. Again,
wound healing by cells transduced with wild-type PlxnB2 was
basally increased compared with controls; however, the expression
of G842C-PlxnB2 elicited a strikingly greater wound closure, further
suggesting that the mutated plexin was associated with a greater
functional activity (Fig 7C and Appendix Fig S4B).

The importance of G842-mutated PlxnB2 in cancer invasion was
further assessed in the framework of CUP cells carrying an endoge-
nous wild-type gene. Thus, AS906 transduced to overexpress either
wild-type or mutated PlxnB2 (or control cells; Fig 7D) were seeded
in the upper chamber of a Transwell insert, on the top of a Matrigel
layer, recapitulating the extracellular matrix (ECM). Notably, in the
presence of G842-mutated PlexinB2, CUP cells were consistently
more efficient than controls in invading the ECM barrier, indicating
that this mutation mediates a gain-of-function highly relevant for
cancer progression (Fig 7E and Appendix Fig S4C).

G842C-mutated PIxnB2 is required and sufficient to promote
EGFR phosphorylation and EGFR-dependent invasiveness in
CUP cells

We aimed at identifying signaling mechanisms potentially responsi-
ble for the promotion of CUP cell stemness, proliferation, and inva-
siveness by G842C-mutated PlxnB2. It was previously shown that
ligand-dependent PlexinB2 activity elicits ErbB2 tyrosine phosphory-
lation and oncogenic signaling in breast cancer cells (Gurrapu
et al, 2018). However, we did not observe a significant change in
phospho-ErbB2 levels in association with G842C-mutated PlxnB2
expressed in CUP cells (unpublished observation, by Virginia
Napolitano). Intriguingly, in a previous study, we reported that the
homologous EGFR tyrosine kinase is basally phosphorylated at low
levels in CUP cells carrying a wild-type PlxnB2 (AS901, AS906),
while it is highly phosphorylated in AS43 cells, which carry the
G842C-mutated receptor (Verginelli er al, 2021). EGFR is a major
oncogenic promoter in human cancers, especially upon gene

10 of 20  EMBO Molecular Medicine 15: e16104 | 2023

amplification and overexpression (Sigismund et al, 2018); however,
AS43 do not carry EGFR mutations or elevated expression, so we
posited that the presence of G842C-PlxnB2 might promote its
noncanonical activation.

First, we tested the impact of silencing the mutated-PlexinB2 in
AS43 CUP cells and found that this resulted in strikingly reduced
EGFR tyrosine phosphorylation (Fig 8A), confirming that this altered

axon guidance cue controls a major oncogenic pathway in CUP
cells. We then analyzed phospho-EGFR levels in basally nonmutated
CUP cells (AS906 and AS901), upon transduction of either the wild-
type or the G842C-mutated PlxnB2 isoform expressed in AS43. Data
in Fig 8B show that the mutated plexin elicited a significantly
stronger EGFR phosphorylation, with respect to controls. Thus, our
data indicate that G842C-PlxnB2 expression is required and suffi-
cient to sustain EGFR phosphorylation in CUP-derived agnospheres.

Although we were unable to co-immunoprecipitate endogenous
EGFR and G842C-PlxnB2 in CUP cells, the two receptors strongly

and specifically associated in a complex upon transient transfection

in HEK293T cells (Fig EV5A); in this setting, however, we could not
achieve conclusive evidence about a quantitative difference between
EGFR association with mutated vs. wild-type PlxnB2. Thus, our data
suggest that the two receptors can interact in a dynamic complex on
the cell surface, which could enable EGFR trans-regulation by
mutation-driven conformational changes in PlxnB2.

In order to assess whether the increased basal activation of EGFR
in CUP cells carrying mutated PlxnB2 might be accounted to explain
their proliferative self-sufficiency, we functionally inhibited EGFR
by the specific monoclonal antibody cetuximab, commonly used as
anticancer drug. Notably, EGFR blockade in AS43 was associated
with abrogated ERK and S6 phosphorylation (Fig 8C), indicating
that these intracellular effectors are dependent on EGFR signaling in
cells carrying mutated PlexinB2. By contrast, the same pathways
were unaffected by cetuximab treatment in CUP cells expressing
wild-type PlxnB2 (Fig 8C).

In line with these findings, cetuximab treatment resulted in a
substantial inhibition of AS43 cell viability and clonogenic capacity
(Fig 9A—-C), indicating that these cells are functionally dependent on
EGFR signaling. By contrast, AS9o1, AS906, and AS67, which carry
wild-type PlxnB2, were minimally affected or unresponsive to EGFR

© 2023 The Authors
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Figure 8.

Serena Brundu et al

Expression of G842C-PlxnB2 controls EGFR phosphorylation and intracellular signaling.

A Phospho-EGFR analysis by western blotting in control and PlxnB2-silenced AS43 cells. Images show representative results of n= 3 independent experiments, while
the graph at the bottom shows the mean + SD of normalized band quantification. The statistical significance across replicates was verified by unpaired t-test:

***P < 0.0001.

B Phospho-EGFR analysis by western blotting in AS901 and AS906 cells either mock, or overexpressing WT or G842C-mutated PIxnB2. Images show representative
results of n= 3 independent experiments, while the graphs at the bottom show the mean =+ SD of normalized band quantification. The statistical significance across
independent replicas was verified by one-way ANOVA followed by Tukey test: AS901 PIxnB2-G842C vs. PIxnB2-WT *P = 0.0434, PIxnB2-G842C vs. mock “P = 0.0211;
AS906 PIxnB2-G842C vs. PIxnB2-WT *P = 0.0436, PIxnB2-G842C vs. mock *P = 0.0481.

C Western blotting analysis of pERK and pS6 intracellular signal transducers in the indicated agnospheres, after 6-h treatment with the EGFR inhibitor cetuximab
(50 pg/ml). Images show representative results of n= 3 independent experiments, while the graphs at the bottom show the mean + SD of normalized band quantifi-
cation. The statistical significance across independent replicas was verified by Sidak’s multiple comparison test between cetuximab-treated and untreated conditions,
per each group: AS43 *P= 0.0153, ***P = 0.0001, ****P < 0.0001; AS901 *P= 0.0201.

Source data are available online for this figure.

blockade (Fig 9A—C). Thus, the increased EGFR activity driven by
genetically altered PlxnB2 controls intracellular signaling and prolif-
erative self-sufficiency in CUP cells.

We finally asked whether EGFR kinase activity might be respon-
sible for the increased invasiveness of CUP cells driven by G842C-
mutated PlxnB2 overexpression. Notably, cetuximab treatment did
not significantly interfere with AS906 cell basal invasion, indicating
that this is not dependent on EGFR activity. By contrast, the
elevated CUP cells invasiveness elicited by PlexinB2 G842C-mutated
isoform was almost completely abrogated by the EGFR inhibitor
(Fig 9D), indicating that the axon guidance receptor PlexinB2 is
functionally placed upstream EGFR kinase in the regulation of CUP
cells. Similar results were obtained upon EGFR blockade with the
selective kinase inhibitor erlotinib (Fig EV5B).

Discussion

Surveying the genomic mutational landscape of human cancers has
revealed a number of driver genetic changes and associated depen-
dences on activated signaling cascades, enabling the development of
specific targeted therapies. This is epitomized by the application of
ErbBa-targeted drugs in a subset of breast cancers, of BRAF inhibi-
tors in melanomas, of drugs targeting liabilities due to mutated
BRCA in gynecological tumors, to cite some key examples. Notably,
the therapeutic targeting of certain relevant mutations is still chal-
lenging, such as for K-RAS in colon and pancreatic cancers, but

thanks to progresses in research the goal is at sight. Yet, metastasis,
the main culprit for cancer-associated lethality, could not be associ-
ated so far with specific genetic changes or driver pathways,
disabling the chance to design targeted therapeutic approaches, and
leaving scanty options for patient treatment at this stage. Paradig-
matic examples of this scenario are cancers that appear as primarily
metastatic at diagnosis; as such, they also miss the classical indica-
tions for tumor type-specific chemotherapy, which leads to the
undertaking of agnostic therapeutic approaches with poor efficacy.
Actually, unlike most human tumor types, the genomic mutational
landscape of cancers of unknown primary (CUP) has been poorly
investigated so far, mainly focusing on the hunt for genetic changes
in known oncogenes and tumor suppressors.

In the present study, we performed a genome-wide unbiased
analysis by NGS of a cohort of CUP samples. A limiting factor to this
approach has previously been the lack of a coherent protocol to
ensure the recruitment of definite CUP cases, accurately discrimi-
nated from early metastatic cancers for which the primary site had
not been identified due to incomplete clinicopathological characteri-
zation. Thus, the CUP cohort analyzed here was unambiguously
selected adopting current ESMO guidelines (Fizazi et al, 2015; Pisa-
cane et al, 2022). WES analysis of CUP samples did not reveal recur-
rent genetic changes in known oncogenes or tumor suppressors,
apart from frequent hits in TP53, which are in the range of those
observed in many other human tumors and can hardly be consid-
ered specific. A number of conclusions could be drawn from these
findings; obviously, the lack of positive identification of specific

Figure 9. Viability and invasive capacity of CUP cells expressing G842C-mutated, but not wild-type, PlxnB2 is dependent on EGFR.

A The cellular viability of the indicated agnospheres was assessed after 6 days in the presence or absence of the EGFR inhibitor cetuximab (50 pg/ml). In the plot, each
box represents values from 25" to 75" percentiles, the central band indicates the mean, and the whiskers expand from maximum to minimum values of individual
cetuximab-treated experimental points (n > 9), normalized to the average value of untreated cells within each group. The statistical significance across three inde-
pendent experiments, each comprising > 3 technical replicates, was verified by unpaired t-test multiple comparisons of cetuximab-treated and untreated conditions,

per each group: ***P= 0.0002; ****P < 0.0001.

B The viability of AS43, in presence (or absence) of cetuximab (50 wpg/ml), was assessed over the indicated time course, compared with values at To. The graph shows

the mean + SD of two independent experiments (with quadruplicate technical replicates each). The statistical significance was verified through multiple
comparisons by two-way ANOVA with Bonferroni correction of cetuximab-treated and untreated samples, per each time point: ****P < 0.0001.

C Limiting dilution assays (LDA) were used to assess the clonogenic capacity of dissociated CUP cells derived from the indicated agnospheres in the presence or absence
of cetuximab (50 pg/ml). Analyses generated by the ELDA software are shown below, reporting the estimated stem cell frequency (percentage of clonogenic cells) with

confidence intervals (C.l.) and statistical analysis by chi-square test.

D The invasive capacity of AS906 cells (overexpressing WT or G842C-mutated PIxnB2, or mock transfected) was assessed as in Fig 7E, in the presence or absence of
cetuximab 50 pg/ml. Images show representative results (scale bar: 100 pm), while the graph on the right shows the mean = SD of n= 3 independent experiments.
The statistical significance across replicates was verified by one-way ANOVA with Bonferroni correction: **P= 0.0010; ***P= 0.0005; ****P < 0.0001.

Source data are available online for this figure.
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metastasis-driver mutations may still be accounted by our inability
to unveil their presence. However, we posited here that the CUP
phenotype may also be sustained by the occurrence of diverse
genetic (and possibly epigenetic) changes in some defined pathway
controlling cell behavior. In order to tackle this hypothesis, we
applied a validated algorithm calculating the frequency of mutations
in genes that were associated in functional pathways in the Kyoto
Encyclopedia of Genes and Genomes (KEGG). On these bases, the
genomic mutational profile of CUPs was compared with those of 33
other tumor types (defined in TCGA database), revealing a signifi-
cant enrichment of changes in specific pathways. In particular,
mutations in axon guidance genes were found in 10 out of 14 CUP
samples, independently from clinical or histopathological features of
the tumors, and were more frequently occurring than in most other
tumor types.

The axon guidance KEGG pathway comprises 125 genes, control-
ling cell migration and axonal navigation in development, but also
associated with pathological dysregulation of cell motility in the
adult stage. Notably, many of these genes have been implicated in
tumor metastasis, including Met tyrosine kinase, semaphorins, and
their receptors, the plexins. We decided to focus our attention on
the mutated axon guidance gene most expressed in CUP samples,
PLXNB2. Although previous studies have implicated this sema-
phorin receptor in the regulation of cancer cell proliferation, inva-
siveness, and metastatic spreading (Le er al, 2015; Yu et al, 2017;
Gurrapu et al, 2018; Huang er al, 2021), none had associated its
mutations with a causal role. In order to establish a proof of princi-
ple about the relevance of axon guidance genes in CUPs, we investi-
gated G842C-PlxnB2 variant, which was suspected to be damaging
based on sequence conservation and structural modeling results.
Moreover, this mutation affected the conserved fold of an IPT
domain, a moiety also found in Met and Ron oncogenic receptors
and previously found to be affected by activating mutations in
human cancers (Ma et al, 2010; Navis et al, 2015). Notably, the
large intracellular portion of the plexins does not contain a kinase
domain or other classical signaling domains, but was consistently
reported to regulate the activity of monomeric GTPases, especially
R-Ras, Rap-1, and RhoA, controlling cell migration, and axonal
extension in neural development. In addition, plexins have been
shown to couple with transmembrane tyrosine kinases of the recep-
tor type such as ErbB2 and Met, thereby triggering alternative
noncanonical signaling cascades, especially in cancer cells (Cagnoni
& Tamagnone, 2014).

Our experimental evidence indicated that G842C-mutated PlxnB2
was competent for signaling, even in absence of semaphorin stimu-
lation. Interestingly, other studies have recently reported signaling
mechanisms mediated by plexins (including PlxnB2), which are not
necessarily activated by semaphorins (Mehta er al, 2020; Jiang
et al, 2021; Yang et al, 2022). Moreover, while knocking down
PlxnB2 expression in CUP cells bearing a wild-type receptor had no
apparent functional impact, the metastatic cells carrying G842C
mutation proved to be dependent on this variant PlxnB2 to sustain
self-renewal and proliferation in culture, as well as tumorigenesis in
mice. Altogether, these data indicated that G842C-PlxnB2 can be
considered a gain-of-function mutation.

We therefore aimed at assaying the potential self-sufficiency of
this mutation to induce a more aggressive cancer phenotype. To this
end, the functional impact of ectopically expressed G842C-mutated
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PlxnB2 was compared to that of the WT receptor, in diverse tumor
cells. The variant plexin proved capable to promote cell proliferation
and tumor growth, as well as cancer invasiveness, consistent with
the selective advantage of its acquisition and maintenance in CUPs.
Although initially reported to bind Sema4qC with high affinity,
PlexinB2 is now considered a relatively promiscuous receptor of
class-4 semaphorins, which probably explains its pivotal role in
embryo development. In addition to semaphorins, PlexinB2 was
reported to act as receptor for the unrelated molecule angiogenin,
controlling cancer cell survival and growth, beyond angiogenesis
(Yu et al, 2017). Moreover, it was recently reported that PlexinB2
acts as a cell surface mechanotransducer, adjusting cell adhesion
and migration dynamics to matrix stiffness, and empowering
glioblastoma cell invasiveness (Junqueira Alves et al, 2021). It is
therefore possible to envisage a semaphorin-independent signaling
competence of G842C-PlxnB2. Intriguingly, previous studies have
reported that a complex conformational mechanism maintains the
plexins in the inactive state, since IPT2-sema domain intermolecular
interaction within dimeric plexin complexes results in receptor auto-
inhibition, in the absence of the ligands (Marita et al, 2015; Kong
et al, 2016). Unfortunately, the time course analyzable in our molec-
ular modeling experiments on mutated receptors is limited to 500 ns
of simulation, which is insufficient to reveal this kind of large
conformational changes. Nevertheless, considering the conservation
of the IPT3 domain in the plexin family (Junqueira Alves
et al, 2019), it may be speculated that a mutation altering the stabil-
ity of this highly structured domain may impact also on the state of
the neighboring IPT2 and possibly destabilize the auto-inhibitory
intermolecular complex. Notably, two additional CUP cases in our
panel were found to carry PLXNB2 mutations (summing up to 21%
global incidence), though they did not concern Gly842 residue or
the IPT3 domain. We analyzed the impact on receptor conformation
and activity of these other genetic changes, as well as of additional
mutations in the PlxnB2 IPT3 domain reported in non-CUP human
tumors. However, none of the mutants was found to produce
comparable effects as G842C, or in the presence of some mutations
the activity seemed to be reduced, altogether supporting the signal-
ing specificity of this novel variant found in CUPs. Future studies
will tell if additional genetic variants of this receptor can promote
oncogenic signaling in CUPs or other tumor types.

With the aim to elucidate the signaling cascade elicited down-
stream G842C-PlxnB2 mutant receptor, we posited the involvement of
a tyrosine kinase receptor, since members of this superfamily have
been previously associated with plexin signaling in cancer cells. Even-
tually, we identified EGFR as a previously unknown partner of PlxnB2
activity. In fact, PlxnB2 was found in complex with EGFR, and EGFR
phosphorylation was enhanced in the presence of G842C-PlxnB2.
Moreover, the greater invasiveness of CUP cells driven by the expres-
sion of the mutated plexin was abrogated by selective EGFR inhibitors
applied in clinical practice, cetuximab and erlotinib.

In conclusion, we found that a novel activating mutation of the
semaphorin receptor PlxnB2 sustains the proliferative autonomy of
CUP stem cells and enhances their tumorigenic capacity and EGFR-
dependent invasiveness. These data provide proof-of-principle of
the functional involvement of an unexpected aberrant signaling
pathway in CUP development and prompt for the characterization
of additional axon guidance genes that we found to be mutated in
human CUPs.

© 2023 The Authors
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Materials and Methods
Patient recruitment, diagnosis, and tissue sample collection

Patients were enrolled at Candiolo Cancer Institute within Agnos-
tos Profiling protocol (no. 010-IRCC-10I1S-15) approved by the
Institute Ethical Committee. Informed consensus was obtained
from all patients and the experiments conformed to the principles
set out in the WMA Declaration of Helsinki and the Department
of Health and Human Services Belmont Report. The diagnostic
workflow of CUPs followed ESMO guidelines (Fizazi er al, 2015).
Fresh human specimens were collected and either stored in
RNAlater (Life Technologies) or fixed in 4% buffered formalde-
hyde and embedded in paraffin. Sections were stained with
hematoxylin and eosin to select tumor cell-rich areas before RNA
extraction.

RNA extraction, libraries preparation, and sequencing

Total RNA from FFPE from patient’s tissues was purified using
Maxwell® RSC RNA FFPE Kit (Promega). RNA was quantified
using the Qubit 2.0 fluorimetric Assay (Thermo Fisher Scientific).

Libraries were prepared from 100 ng of total RNA using the

antSeq 3° mRNA-Seq Library Prep Kit FWD for Illumina (Lexo-
gelil Gml()ll—?) an sequgncelzg orr}ll a 1% I\lIovaSeq 6000u selqueglc%g

system using an Si, 100 cycles flow cell (Illumina Inc.). Fastq
files were generated using bclafastq (version v2.20.0.422, Illu-
mina Inc.), and trimming was performed with bbduk software
(bbmap suite 20 37.31, Joint Genome Institute) and alignment on
a human genome reference assembly (hg38) with STAR 2.6.0a
(Dobin er al, 2013). Expression levels were determined with
htseq-count 0.9.1 using cellRanger prebuild genes annotations
(Single Cell Gene Expression, 10x Genomics; Ensembl Assembly
93). Data normalization was performed using edgeR (Anders
et al, 2015).

gDNA extraction, library preparation, and sequencing

Tumor gDNA was isolated using Relia PrepTM gDNA Tissue
Miniprep System (Promega). Normal gDNA was derived from
peripheral blood mononuclear cells (PBMCs) of the same patient
using ReliaPrepTM Blood gDNA Miniprep System (Promega).
DNA was quantified using Nanodrop ND1000 spectrophotometer
(Thermo Fisher Scientific) and Qubit 4 Fluorometer (Thermo
Fisher Scientific). Whole-exome sequencing with 150-bp paired
reads was performed with a NextSeq 500 (Illumina) using 1 pg
genomic DNA and enrichment for whole exome performed
according to SeqCap EZ MedExome (Roche). Adapters were
clipped using Scythe (https://github.com/vsbuffalo/scythe) and
trimmed using Sickle (https://github.com/najoshi/sickle). Align-
ment to the human genome (hg38) was done using Burrows—
Wheeler Aligner (BWA) MEM (Li & Durbin, 2010). PCR dupli-
cates were removed using rmdup of SAMtools (Li et al, 2009).
Somatic SNVs and small insertion/deletions (InDels) were identi-
fied using Strelka2 (Kim er al, 2018). ANNOVAR (Wang et al,
2010) was used to annotate nonsilent (nonsynonymous, stopgain,
stoploss, frameshift, nonframeshift, and splicing modifications)
somatic mutations in each tumor.

© 2023 The Authors
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MEGA-V analysis

We used MEGA-V (Mutation Enrichment Gene set Analysis of Vari-
ants; Gambardella et al, 2017) tool to identify gene sets with a
significantly higher number of variants in a CUP cohort compared
with cohorts of patients affected by other cancer types. To this end,
we first used TCGAbiolinks (Colaprico et al, 2016) package in the R
statistical environment to download from TGCA database the simple
nucleotide variation datasets of somatic mutations in 33 distinct
cancer types (BRCA, AML, DLBC, CHOL, MESO, ACC, UCS, KICH,
PCPG, ESCA, THYM, TGCT, UVM, CESC, BLCA, PAAD, LIHC, SKCM,
UCEC, PRAD, THCA, OV, LGG, SARC, COAD, READ, KIRP, GBM,

STAD, LUAD, KIRC, LUSC, and HNSC), available at: https://gdc.
cancer.gov/. We used MEGA-V tool to compare the frequency of
mutations in 186 manually curated KEGG gene sets (https://www.
genome.jp/kegg/pathway.html; Kanehisa & Goto, 2000) within
samples of the CUP cohort, with respect to that observed in each of
the 33 other cancer types found in TCGA dataset. Only nonsynony-
mous point mutations were considered for comparison (i.e.,
missense, nonsense, and nonstop mutations).

Plexin-B2 systems preparation and molecular
dynamics simulations

The human Plexin-B2 structure was retrieved from Alphafold Data-
base (Jumper ef al, 2021; Varadi et al, 2022), available at https://
alphafold.ebi.ac.uk/. In the present paper, only the Plexin-B2 extra-
cellular domain was used; therefore, the whole structure was
trimmed and the residues with higher confident score (local
Distance Difference Test (pLDDT) > 50) have been kept; thus, the
system comprehends the amino acidic sequence 21-1,190. In order
to set up the p.G842C mutants, firstly Glycine 842 was substituted
with a cysteine residue, using Maestro tools. This step was sufficient
to generate the pseudo-wild-type mutant where the single point
mutation did not perturb the sulfur bridge network, leaving the
native bond between aa 845 and 860. Then, the disulfide bond
between C845 and C860 was broken, and two different conforma-
tions were considered, respectively, between C842 and C845 (for
the system p.G842C 842—-845) and between C842 and C860 (for the
system p.G842C 842-860). Finally, all four systems, the native
protein, the pseudo-wild-type one and the two mutants with alterna-
tive disulfide bonds, have been minimized with Prime (Jacobson
et al, 2002, 2004). Classical molecular dynamics simulations were
performed with GROMACS 2020.4 package (Abraham et al, 2015),
using the CHARMM36m force field (Huang er al, 2017) at full
atomistic level using a TIP3 water solvent. The systems were
solvated in a water box of dimension 13.5 X 12.9 X 15.12 £ under
periodic boundary conditions. The total charge of the system was
neutralized by randomly substituting water molecules with Na" ions
and Cl- ions to obtain neutrality with 0.15 M salt concentration.
Following a steepest descent minimization algorithm, the system
was equilibrated in canonical ensemble (NVT) conditions for
125 ps, using Nose—Hoover thermostat with position restraints for
the protein—peptide complexes. Immediately after this minimization
procedure, all restraints were removed, and molecular dynamics
runs were performed under NPT conditions at 303.15 K, using
Nose—Hoover thermostat, with a T-coupling constant of 1 ps, and a
Parrinello-Raman barostat at 1 atm. Van der Waals interactions
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were modeled using 6-12 Lennard—Jones potential with a 1.2 nm
cutoff. Long-range electrostatic interactions were calculated, with a
cutoff for the real space term of 1.2 nm. All covalent bonds were
constrained using the LINCS algorithm. The time step employed
was 2 fs, and the coordinates were saved every 5 ps for analysis,
which was performed using the MDAnalysis (Michaud-Agrawal
et al, 2011) python library and PLUMED (Bonomi et al, 2009;
Tribello et al, 2014; PLUMED consortium, 2019) tools.

BETARMSD analysis

PLUMED BETARMSD Collective Variable (CV) probes the antiparal-
lel beta-sheet content of protein structures. Two protein segments
containing three contiguous residues can form an antiparallel beta
sheet. Although, if the two segments are part of the same protein
chain, they must be separated by a minimum of two residues allow-
ing enough space for the turn. This CV, thus, generates the set of all
possible six residue sections that could form an antiparallel beta
sheet and calculates the RMSD distance between the configuration
in which the residues find themselves and an idealized antiparallel
beta-sheet structure (Pietrucci & Laio, 2009). This is done by calcu-
lating the following sum of functions of the RMSD distances:

where the sum runs over all possible segments of antiparallel beta
sheet. For ro, the default value of 0.8 was used.

Production of cDNA constructs expressing wild-type and mutated
Plexin-B2

Expression constructs for wild-type human Plexin-B2 were reported
previously (Gurrapu er al, 2018). In a plasmid encoding the full-
length receptor, we replaced short cDNA restriction fragments with
inserts containing PLXNB2 mutations, produced through gene
synthesis approach (supported by Biocat GmbH, Heidelberg,
Germany). In addition to mutations identified in CUP samples in this
study, genomic datasets of human non-CUP tumor samples found to
carry other PlxnB2 mutations in the IPT3 domain are available at
the following links:

R820H: www.cbioportal.org/patient=TCGA-EW-A1IZ; cancer.sanger.
ac.uk/cosmic/sample/overview?id=1766751;

L828F: www.cbioportal.org/patient=TCGA-H4-A2HQ;

R843Q: www.cbioportal.org/patient=TCGA-B5-A3FC;

Y852C: www.cbioportal.org/patient=TCGA-A5-A10F; cancer.sanger.
ac.uk/cosmic/sample/overview?id=1759420.

Cell culture

Agnospheres were isolated and cultured as described previously
(Verginelli er al, 2021). Briefly, tumor samples were digested with
collagenase I (Gibco), and after filtration, single-cell suspensions
were resuspended in culture medium [Dulbecco’s Modified Eagle’s
Medium: F12 (DMEM; Sigma) supplemented with N2 supplement
(Life Technologies-GIBCO), BSA 0.5% (Sigma), Heparin 4 pg/ml
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(Sigma), 2 mM Glutamine (Sigma), and Penicillin—Streptomycin
(EuroClone)]. Ultralow-attachment flasks (Corning, cat. CLS3814)
were used in case of AS9o1. The same medium composition was
used for further propagation of the agnospheres; when subculturing,
agnospheres dissociation was mechanically achieved by pipetting
and by trypsin treatment. MCF7 and HEK-293T cells were provided
by American Type Culture Collection (ATCC) and cultured in DMEM
or Iscove medium (Sigma-Aldrich), respectively, supplemented with
10% fetal bovine serum (FBS; Euroclone), 2 mM Glutamine (Sigma-
Aldrich), and Penicillin—Streptomycin (EuroClone). The cells were
periodically checked for mycoplasma contamination.

Antibodies and chemicals

Anti-PlexinB2 antibody used for Western blotting analysis was
purchased from Abcam (ab193355; dilution 1:500). EGFR antibody
was provided by Enzo Life Sciences (ALX-804-064-C100; dil. 1:500),
while anti-phospho-EGFR-specific antibodies (directed to p-Tyr1068;
abs644; dil. 1:500) were from Abcam. Anti-vinculin (V4505; dil.
1:1,000) and anti-VSV-G (clone P5Dg4; dil. 1:1,000) were provided by
Sigma-Aldrich. Anti-phospho-p44/42-MAPK  (Erki/2; Thr2o2/
Tyr204; #4370; dil. 1:1,000), anti-p44/42-MAPK (Erki/2; 137F5;

#4695; dil. 1:1,000), and anti-phospho-S6 ribosomal protein (Ser240/
244; #2215; dil. 1:1,000) antibodies were from Cell Signaling.

Ligand binding and “collapsed” phenotype analysis by cellular
immunostaining

Semaphorin-binding assays were performed as described previously
(Tamagnone er al, 1999). Briefly, expression constructs encoding
WT or mutated PlxnB2 (containing a VSV tag), or a control vector,
were transiently transfected in COS-7 cells, by DEAE-Dextran
method. Two days after transfection with the receptors, the cells
were incubated for 1 h with alkaline phosphatase-conjugated
Sema4C; after rinsing, the cells were fixed and the attached ligand
was revealed by incubation with NBT/BCIP substrate mix
(Promega, cat. S3771).

For immunofluorescence analysis of cell phenotype, transfected
COS-7 cells were seeded on glass coverslips; 2 days after transfec-
tion, they were fixed in 4% paraformaldehyde for 15 min, permeabi-
lized with 0.1% Triton/phosphate-buffered saline (PBS) for 3 min at
room temperature, and then blocked by 5% donkey serum for
30 min. The fixed cells were then incubated with primary antibodies
for 1 h at room temperature, followed by incubation with the
fluorochrome-conjugated secondary antibodies for 30 min at room
temperature. F-actin was stained by using fluorescent-Phalloidin
conjugates. Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). The coverslips were then washed and mounted on slides.
The images were acquired with a confocal laser-scanning micro-
scope (SP5-Leica-CLSM) and analyzed using LAS AF LITE 2.6.0 soft-
ware (Leica Application Suite); cells with one diameter lower than
40 pm were scored as collapsed.

Lentiviral-mediated shRNA or gene transfer
PLXNB2 knockdown was commonly achieved by lentiviral-

mediated transfer of a validated puromycin-selectable construct
expressing a targeted shRNA and GFP marker (Origene, cat.
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TL317033B; targeting seq. 5°-CCACTGGCTGTGGAGCCGAAGCAAG

TCCT-3°). For validation experiments, we transferred an independent
shRNA sequence carried by TRCN0000048188 clone (targeting seq.

°—GCTCTACCAATACACGCAGAA—3°%, Rrovided by Sigma-Aldrich.
or overexpression experiments, a cDNA construct ‘encoding human

PlxnB2 (VSV-tagged, provided by Jun Takagi, Osaka, Japan) was
subcloned into the lentiviral expression construct pLVX. Moreover, a
cDNA fragment containing the sequence encoding PLXNB2-G842C
mutation was produced by gene synthesis (BioCat GmbH, Heidel-
berg, Germany) and replaced to the wild-type sequence, by restric-
tion site-mediated recombination, in the expression construct.
Lentiviral-mediated gene transfer was performed as described
previously (Follenzi & Naldini, 2002; Brown et al, 2020). Briefly,
nonreplicating viral particles containing constructs expressing cDNA
or shRNAs (or pGFP-C-shRNA Vector [Origene], as control) were
produced in HEK-293 T packaging cells by the calcium phosphate
precipitation method. The harvesting of viral particles was carried
out 48 h after transfection: the conditioned medium was filtered and
centrifuged at 19,500 rpm for 2 h to obtain concentrated viral
suspensions. Host cells were then incubated with viral particle-
containing media in the presence of 8 pg/ml polybrene at 37°
(mul-
tiplicity of infection [moi] = 5); CUP cells were dissociated from
agnospheres and incubated with viral particles in suspension. Gene-
transduced cells were then selected by 0.5 pg/ml puromycin
treatment.

Cell viability assay

Agnospheres (400 cells/well) were seeded into 96-well cluster plates
(in case of AS9o1, ultralow-attachment type; Corning, cat.
CLS3474). Cell viability was evaluated at 24, 48, and 72 h by
CellTiter-Glo® Luminescent Cell Viability Assay (Promega), accord-
ing to the manufacturer’s recommendations by employing the
VICTOR X Multilabel Plate Readers (Perkin Elmer).

Limiting dilution assay

CUP cell clonogenic capacity was determined by limiting dilution
assays (Hu & Smyth, 2009). Briefly, dissociated cells from different
agnospheres were plated into 96-well plates at three different densi-
ties, with the following scheme: 30 wells with 1 cell/well, 18 wells
with 5 cells/well, and 12 wells with 10 cells/well. After 4 weeks in
culture, the number of agnosphere-containing wells was determined
by checking under microscope. Positive test was considered wells
with spheres larger than 100 pym. Extreme limiting dilution analysis
(ELDA) online software was used to calculate the cancer cell stem
frequency and statistical significance, by chi-squared test (Hu &
Smyth, 2009).

Cell migration and invasion assays

For wound healing assays, MCF7 cells were cultured until 80-90%
confluent into 6-well plate with complete medium. Cell monolayers
were scratched manually with a micropipette tip; any detached cells
were removed by washing with PBS, and the wells were replenished
with fresh medium supplemented with 1% FBS. Low magnification
images were taken by Leica DM1400B microscope (Leica Microsys-
tems) and then analyzed by ImageJ (NIH, Bethesda, MD, USA)
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measuring the scratched cell-free area at the time of the scratch (To)
and after 72 h (T;.); wound closure % was computed as 1-(cell-free
area at T,»/To) *100.

Individual MCF-7 cell migration assays were performed using
Transwell chamber inserts with a porous polycarbonate membrane
(8 pm pore size) (Corning Costar Incorporated, Corning, NY, USA).
Briefly, the lower side of the filter was coated with 10 pg/ml fibro-
nectin. 10 X 104 cells were added in the upper chamber in serum-
free medium and then allowed to migrate for 24 h through the filter
toward the lower chamber with 10% FBS-containing medium. At
the end of the experiment, the nonmigrated cells on the upper side
of the filter were removed by a cotton swab, followed by fixing with
4% paraformaldehyde, and cell staining with crystal violet. The
microscopic images were then quantified either by cell counting or
by quantifying the integrated pixel values using ImagelJ.

For invasion assays, 1 X 105 ASQ06 cells were added to the upper
chamber of a Transwell insert coated with Matrigel (40 pg; Cultrex
Reduced Growth Factor Basement Membrane Extract, Type 2, Path-
clear, R&D) and allowed to migrate in the lower chamber. After
48 h, the cells adherent to the lower side of the porous membrane
were fixed and analyzed as above.

ADX preclinical model

Agnospheres-derived xenograft preclinical mouse model (ADX) has
been described previously (Verginelli er al, 2021). Approx. eight-
week-old female NOD-SCID mice were purchased from Charles
River (Lecco, Italy), and 50,000 cells were injected subcutaneously
in each mouse. Once tumor mass became palpable, the tumor
burden was measured twice weekly, and the volume was estimated
by the formula (a2 X b) X 0.52, where a is the minor and b is the
major tumor diameter. Mice were sacrificed 4 or 8 weeks after injec-
tion, for ADX901 and ADX43, respectively.

All animal procedures were approved by the Ethical Committee of
the University of Turin (Candiolo, Turin, Italy) and by the Italian
Ministry of Health (auth. n. 741/2020-PR) and were conducted in
compliance with European laws and policies. Throughout the study,

o

the mice were kept at a temperature of 22 + 1° C and a relative

humidity of 60 = 5%, with a 12 h light/dark cycle and 12 air
changes/h.

Western blotting analysis and protein immunoprecipitation

The analysis of phosphorylated proteins in CUP cells was done 3 h
after cell resuspension at a density of 125,000 cells/ml, in fresh
serum-free medium. Cells were lysed in Cell Lysis Buffer (Cell
Signaling cat#9803) containing 20 mM Tris—HCI (pH 7.5), 150 mM
NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 uyg/
ml leupeptin, protease inhibitor cocktail (Sigma-Aldrich). Cellular
lysates were incubated for 30 min on ice and then centrifuged at
15,000 g, 15 min, at 4° C. Protein concentration of cell extracts was
determined by using Pierce bicinchoninic acid (BCA) reagent
(Thermo Fisher Scientific, cat. 23227) according to the manufac-
turer’s instructions. Protein samples were denaturated by adding a
4% loading buffer (3-mercaptoethanol 0.6 mol/l; SDS 8%; Tris—HCl
0.25 mol/l pH 6,8; glycerol 40%; bromophenol blue 0.2%), incu-
bated at 95° C for 5 min. Samples containing equivalent amounts
of
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protein were subjected to 7,5% SDS—PAGE. Proteins were trans-
ferred onto a nitrocellulose membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad) according to the manufacturer’s instruc-
tions, probed with Abs of interest, and revealed by enhanced chemi-
luminescence technique, using Chemidoc Image Lab analyzer and
software (Bio-Rad), according to the manufacturer protocols.

For protein immunoprecipitation experiments, HEK-293T cells
were transiently transfected to express either PlexinB2-WT or
PlexinB2-G842C, in association with EGFR. 48 h after the transient
transfection, the cells were transferred on ice, washed three times
in cold PBS 1%, and lysed with a buffer containing 20 mM Tris—HCl
(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton,
2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate,
1 mM NagVO4, 1 pg/ml leupeptin, protease inhibitor cocktail
(Sigma-Aldrich). Cellular lysates were incubated for 30 min on ice
and then centrifuged at 15,000 g, 15 min, at 4° C. The total protein
amount was determined using the bicinchoninic acid protein assay
reagent (Thermo Fisher Scientific). Equivalent amounts (1 mg) of
total proteins were incubated with anti-PlexinB2 antibodies and
Dynabeads Protein G (Invitrogen, 10004D), for 4 h at 4° C. Immuno-
complexes were washed four times with lysis buffer and then sepa-
rated by SDS-PAGE. Proteins were finally transferred to a
nitrocellulose membrane (Bio-Rad) and analyzed as described
previously.

Data analysis and statistics

In general, blinding was not applied, but data analysis was validated
by at least two scientists.

Results of experiments in which appropriate negative/positive
controls were not validated were consequently excluded from the
analysis. The statistical significance of quantitative data was
analyzed by GraphPad Prism 8.0.0 software, applying the most
appropriate methods and correction tests, specified in individual fig-
ure legends. Exact calculated P-values are also indicated in the re-
spective figure legends, apart in case of low-end values:
**¥*p < 0.0001.

Data availability

Datasets containing WES raw data of CUP samples described in this
study are available at the European Genome-Phenome Archive
(EGA; https://ega-archive.org/studies/), under the accession codes
EGAS00001006621, EGAS00001004868, and EGAS00001004059.
Raw data relative to RNA-Seq are available from the Gene Expres-
sion Omnibus (GEO) repository, under the accession code
GSE167473.

Expanded View for this article is available online.
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Problem

Cancer of unknown primary (CUP) is a pathological entity represented
by metastatic tumors that are first time diagnosed in the absence of
clinically detectable primary lesions. The genetic makeup of these
tumors, and the mechanisms underlying their accelerated metastatic
dissemination, are still elusive. Hence, currently applied therapies are
neither specific nor usually effective. Therefore, a better definition of
CUP genetic signature, and the identification of new suitable molecu-
lar therapeutic targets, may lead to the design of innovative effective
treatments, increasing patient survival.

Results

The genomic analysis of confirmed CUP patients revealed a higher
frequency of mutations in axon guidance genes, compared with other
tumor types. In this study, we particularly focused on a novel activat-
ing mutation of PlexinB2 (G842C-PIxnB2), capable of inducing prolifer-
ation and invasiveness of CUP stem cells. Notably, the depletion of
G842-PIxnB2 resulted in the impairment of cancer cell self-renewal
and tumorigenic growth in mice. On the contrary, the overexpression
of mutated PlexinB2 enhanced growth and tumorigenic capacity in
mice. Remarkably, we found that the sustained proliferative autonomy
and invasive properties induced by G842C-PIxnB2 in CUP cells are
dependent on the oncogenic tyrosine kinase epidermal growth factor
receptor (EGFR) and were abrogated by the treatment with selective
EGFR inhibitors validated for clinical use.

Impact

The finding of mutations in axon guidance genes, PLXNB2 in particu-
lar, may provide novel genetic biomarkers guiding CUP disease
management. Moreover, the identification of EGFR signaling deregula-
tion, as functional consequence of the aberrant activation of axon
guidance pathways, may prompt the development of novel therapeu-
tic approaches for CUP patients carrying the implicated mutations.
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Figure EV1. BETARMSD plots of WT PIxnB2 and G842C-mutated isoforms.

A-D BETARMSD plots of the concatenated replicas of PIxnB2 WT, p.G842C, p.G842C 842-845, and p.G842C 842-860, respectively. The plots report the beta-sheet content
evolution among the four studied systems, using the BETARMSD score described in the Materials and Methods section. In panel A, it is reported the time course of
the selected parameter for the two concatenated MD simulations of the wild-type protein. It is evident that, starting from the initial state, a small rearrangement
of the secondary structure is present even if the parameter remains quite stable along the simulation as identified by the average value obtained that is
<BETARMSDWT> = 21.9 =+ 0.5. The behavior of the same parameter for the point mutation of G842 in a cysteine residue, still maintaining the native disulfide

bond, is reported in panel B, and it shows a slight decrease of beta-sheet content ((BETARMSDp.G842C> = 20.4 + 0.4), compared with WT due to the loss of a
single beta strand (G, as it is shown in Fig 3A in the main text). The same point mutation coupled with alternative disulfide bonds leads to a more relevant loss of

beta-sheet content in both cases ((BETARMSDp.G842C|842-845> = 17.6 + 1.19, <BETARMSDp.G842C|842-860> = 18.4 + 0.80) due to the disruption of BG, BC,
and BD strands (see Fig 3D and E in the main text).

Figure EV2.

A-D RMSD plots of two independent repetitions of 250 ns molecular dynamics of diverse PIxnB2 IPT3 domain mutants found in human tumors. (A) Mutant R820H; (B)
mutant L828F; (C) mutant R843Q; (D) mutant Y852C.

E,F RMSD plots of two independent repetitions of 250 ns molecular dynamics of additional PIxnB2 mutants (outside IPT3 domain) found in CUP samples: (E) R531P
and (F) P1058S.

G,H RMSD plots of two independent repetitions of 500 ns molecular dynamics of wild-type PIxnB2 and G842C mutant, extracted from Fig 3 and reported here for
internal reference.

RMSD plots of additional PIxnB2 ectodomain mutants found in human tumors.

© 2023 The Authors EMBO Molecular Medicine 15: 16104 | 2023 EV1
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Figure EV3. Validation of CUP models with modified expression of PlxnB2 WT or G842C mutant.

A

Western blotting analysis of PIxnB2 expression in the indicated CUP-derived agnospheres, either subjected to gene knockdown by lentiviral-mediated transfer of
targeted shRNAs (shPIxnB2) or transduced with a nontargeting control sequence (shScramble).

Western blotting analysis of PIxnB2 expression in CUP-derived AS67, engineered by lentiviral-mediated transfer of an empty vector control (mock), nontargeting
scrambled shRNAs, PIxnB2-targeted shRNAs, a wild-type PIxnB2 expression construct, or a G842C-mutated PIxnB2 expression construct PIxnB2-G842C, respectively.
Western blotting analysis of PIxnB2 expression in AS901 and AS906 (as indicated), engineered to overexpress either wild-type PIxnB2 or PIxnB2-G842C, or transduced
with an empty vector (mock).

Western blotting analysis of PIxnB2 expression in AS43 subjected to gene knockdown by lentiviral-mediated transfer of an alternative independent shRNA sequence
(shPIxnB2 #2, see Materials and Methods), or transduced with a corresponding empty vector (shCtrl).

Time course analysis of cellular viability in shPIxnB2-tranduced and control agnospheres described in the previous panel, over 7 days of growth in culture. Values are
mean + SD of n= 3 independent experiments (with quadruplicate technical replicates). The statistical significance was assessed by 2-way ANOVA multiple compar-
isons for each time point, with Bonferroni correction. shCtrl vs. shPIxnB2#2(1): at day 3 **P= 0.0086, day 4 **P= 0.0047; ****P < 0.0001. shCtrl vs. shPIxnB2#2(2):
*P= 0.0161; P< 0.0001.
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Figure EV4. Differential regulation of CUP cell growth by WT PIxnB2 or G842C mutant.

Time course cell viability analysis of AS906 (on the left) and AS67 (on the right) overexpressing either wild-type or PIxnB2-G842C, or mock controls transduced with an empty
vector. Plotted values are the mean + SD of n= 3 independent experiments (six technical replicates for each). The statistical significance was assessed b¥ two-way ANOVA

test. AS906 PIxnB2-G842C vs. controls (CTRL): at 48 h **P= 0.0042, 72 h ***P= 0.0007, 96 h ****P < 0.0001. AS906 PIxnB2-G842C vs. PIxnB2-WT: at 96 h

P=0.0224. AS67

PIxnB2-G842C vs. controls (CTRL): at 96 h *P= 0.0337. AS67 PIxnB2-G842C vs. PIxnB2-WT: at 72 h *P = 0.0494, 96 h *P= 0.0274.
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Figure EV5. PIxnB2-EGFR complex and EGFR-dependent regulation of CUP cell invasiveness.

A HEK293T cells were co-transfected with EGFR and either wild-type or PIxnB2-G842C. On the left, total cell lysates (TCL) were subjected (or not) to immunoprecipita-
tion with anti-EGFR, and immunoblotted with the indicated antibodies. Data shown are representative of n= 3 experiments. On the right, EGFR-PIxnB2 co-
immunoprecipitation was reciprocally assessed in HEK293T cells co-transfected as above, by subjecting total cell lysates to immunoprecipitation with anti-PIxnB2
antibodies. Data shown are representative of n= 2 experiments.

B Similar to the experiment shown in main Fig 9D, the invasiveness of AS906 cells either mock, or overexpressing WT or PIxnB2-G842C, was assessed in matrigel-coated
Transwell inserts, in the presence or absence of the EGFR inhibitor erlotinib 1 £M. Invading cells were stained with crystal violet, photographed (see representative
low magnification images on the left; scale bar: 100 pm), and quantified by ImageJ. Plotted values are the mean + SD of n= 3 independent experiments. The statisti-
cal significance across replicates was verified by unpaired t-test multiple comparisons between erlotinib-treated and untreated conditions, per each group:
*P=0.021.
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Brundu et al.

Mutation of the axon guidance gene PLXNB?2 sustains proliferative autonomy and
confers invasive properties to stem cells isolated from Cancers of Unknown Primary
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Appendix Figure S1
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Appendix Fig. S1. Histological images of CUP samples analyzed in this study.
Histological images (40x) of sectioned paraffin-embedded CUP samples (e.g.
AGN43, AGNI18, etc., as indicated in Table EV1), stained by Hematoxylin-Eosin
staining, except for panel N (AGN67) which is a cytological specimen stained by
Diff-Quick.

ASUADI suowWwo)) AN a[qeardde oy £q pauIoAoS a1e SIONIL Y (asn JO SI[NI 10J AIRIQIT AUIUQ AJ[IA UO (SUOTIIPUOI-PUL-SULIA)/WOD KA[IM* ATeIqI[oul[uo//:sdny) suonipuo) pue swLd L, 3yl S “[£207/01/0¢] U0 ATeIqry aurjuQ A9[IA\ “BIRI[AURIYO0D) £q $0191 70T WWW/ZSTST 01/10p/310 ssardoquia mmm//:sdny woiy papeoumod ‘¢ ‘€707 ‘P89VLSLT



Appendix Fig. S2. Collapsing assays with PInxB2 10000-
mutants. Inmunofluorescence analysis of transfected *ok kK
COS7 cells expressing wild-type or mutant PlxnB2
variants. Cells expressing the WT receptor were also
stimulated with 1 pg/ml Sema4C, in order to provide
an internal positive control of the typical collapsing
response. The area of around 50-100 representative
cells per each condition (from multiple independent
microscopic fields and experiments) was measured by
Image] software, and the individual values were
included in a violin plot (shown on the right), where
the red line indicates the median value and yellow
lines mark the first and third quartiles of the
population. The statistical analysis was done by one- N & c;bb'z"
way ANOVA, comparing each of the groups with that &

of unstimulated WT cells: ****p<0.0001; *p<0.05. «

Below is shown a wide series of representative fields for the diverse conditions, presented as pairs of one image
displaying anti-PIxnB2 staining in red, and one corresponding merge of fluorescent channels (including green staining
of F-actin by phalloidin, and nuclear DAPI staining in blue). Scale bar: 50um.
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Appendix Figure 53
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Appendix Fig. S3. Ligand binding assays comparing wild-type and G842C-PlxnB2

(A) The comparable expression of VSV-tagged wild-type (WT) and mutated PlxnB2 in
transfected COS7 cells was verified by western blotting.

(B) Representative images of COS7 cells transfected with WT or G842-mutated PlxnB2
(analyzed in the previous panel) and probed with alkaline phosphatase-conjugated Sema4C,
its cognate ligand, revealing comparable receptor binding. The graph at the bottom shows
normalized mean values + SD of the AP-labeled cell quantified in three experiments (after

subtracting mock background signal).
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Appendix Figure 54
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Appendix Fig. S4. Supplemental images of cell migration and cell invasion assays.

(A) Representative microscopic images of MCF-7 cells, either mock transfected, or overexpressing
WT or G842C-mutated PlxnB2, migrated through Transwell inserts, then fixed and stained with
crystal violet. Scale bar: 200 pm. Data quantification and statistical analysis across multiple
replicates is shown in main Fig. 7B. (B) Representative phase contrast microscopic images of
monolayers of the same MCF-7 cells as above (either mock, or overexpressing WT or G842C-
mutated PlxnB2) immediately after scratching at TO, and then after 72 hours wound closure. Scale
bar: 200 um. Data quantification and statistical analysis across multiple replicates is shown in main
Fig. 7C. (C) Representative microscopic images (at 4x or 10x magnification) of AS906 cells (either
mock, or overexpressing WT or G842C-mutated PlxnB2), which had invaded across Matrigel-
coated Transwell inserts, and were then fixed and stained with crystal violet. Scale bars: 200 pm.
Data quantification and statistical analysis across multiple replicates is shown in main Fig. 7E.

QSUIIT SUOWIO)) AL d[qedridde oy Aq pauIoA0S are se[onIe Y esn Jo so[ni 10§ A1eIqr] auIuQ) AJ[IA\ UO (SUONIPUOI-pUR-SULId)/W0d KA[Im  AIeIqrjauruo//:sdny) suonipuo) pue suua ], oY) 3§ "[€702/01/02] uo Areiqr auruQ Ad[IA\ ‘BI[RI[URIY00D) AQ $0]9]ZT0T WWW/ZSTS T 0 1/10p/810 ssardoquia - mmam//:sdny woay papeorumod ‘€ ‘€20T ‘¥89vLSLT



