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Abstract

Colorectal neuroendocrine carcinomas, both small cell and large cell types, are highly aggressive tumors with poor prognosis
compared with colorectal adenocarcinoma. The molecular drivers of neuroendocrine carcinoma are best defined in small cell
lung cancer, which shows near-universal genomic alterations in 7P53 and RBI. The genetics of colorectal neuroendocrine
carcinoma remain poorly understood; recent studies demonstrated infrequent RB/ alterations and genetics closely resembling
colorectal adenocarcinoma. To better define the molecular pathogenesis of colorectal neuroendocrine carcinoma, we
performed capture-based next-generation sequencing on 25 cases and evaluated for expression of p53, Rb, p16, and high-
risk human papillomavirus (HR-HPV) subtypes using immunohistochemistry, in situ hybridization, and polymerase chain
reaction. Rb/E2F pathway dysregulation was identified in nearly all cases (23/25, 92%) and occurred via three distinct
mechanisms. First, RBI genomic alteration was present in 56% (14/25) of cases and was accompanied by Rb protein loss,
high p16 expression, and absence of HR-HPV; these cases also had frequent genomic alterations in 7P53, the PI3K/Ras and
Wnt pathways, as well as in DNA repair genes, with 4/14 cases being hypermutated. Second, 16% (4/25) of cases, all left-
sided, had TP53 alteration without RBI alteration; half of these harbored high-level amplifications in CCNEI and MYC or
MYCN and arose in patients with ulcerative colitis. Finally, 28% (7/25) of cases, all rectal or anal, lacked genomic alterations
in RB1I or TP53 but were positive for HR-HPV. Our data demonstrate that Rb/E2F pathway dysregulation is essential in the
pathogenesis of colorectal neuroendocrine carcinoma, akin to neuroendocrine carcinomas in other anatomic sites. Moreover,
colorectal neuroendocrine carcinomas stratify into three distinct molecular subgroups, which can be differentiated based on
Rb protein and HR-HPV status. HR-HPV infection represents a distinct mechanism for Rb and p53 inactivation in cases
lacking genomic alterations in either gene. Differential treatment strategies for hypermutated and HPV-driven cases could
improve patient outcomes.

Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41379-018-0131-6) contains supplementary

material. which is available to authorized users. Neuroendocrine neoplasms occur in multiple anatomic sites

and are divided into two major -categories: well-
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by observations that neuroendocrine carcinomas rarely
evolve from or coexist with neuroendocrine tumors but
rather are often admixed with adenocarcinoma or squamous
cell carcinoma [4, 5]. Alternatively, neuroendocrine carci-
nomas also emerge in the setting of relapse as a mechanism
of therapeutic resistance, including from castration-resistant
prostate cancer treated with androgen deprivation therapy
[6] and EGFR-mutant lung cancer treated with tyrosine
kinase inhibitors [7]. Thus, neuroendocrine carcinoma can
arise de novo or via progression from an epithelial neo-
plasm, including as a mechanism of treatment resistance [8].

Regardless of anatomic site, neuroendocrine carcinomas
are high-grade neoplasms that grow as sheets, ribbons, or
nests, with frequent necrosis, high mitotic activity, and high
Ki-67 proliferative indexes (often >70%). Neuroendocrine
carcinomas are further subdivided into small cell and large
cell subtypes, although many neuroendocrine carcinomas
show both small cell and large cell areas. Patients frequently
have metastatic disease at the time of diagnosis and carry a
poor prognosis, with a median survival of 7.6 months for
lung neuroendocrine carcinoma, 7.5 months for gastro-
intestinal neuroendocrine carcinoma, and 2.5 months for
neuroendocrine carcinoma of unknown primary [9].

The genetics of neuroendocrine carcinoma have been best
described in the lung, pancreas, and prostate, which have
revealed that approximately 80% of neuroendocrine carcino-
mas show dual alterations in the p53-encoding gene 7P53 and
the retinoblastoma (Rb)-encoding gene RBI, despite having
highly variable mutation rates [8]. A comprehensive whole-
genome sequencing study of 110 small cell lung carcinomas,
the prototypical neuroendocrine carcinoma, found near-
universal biallelic inactivation of 7P53 and RBI via various
genomic alteration types, including mutations, deletions, and
complex rearrangements, particularly in the case of RBI [3].
This study established 7P53 and RBI as obligatory tumor
suppressors in the pathogenesis of small cell lung cancer and
suggested that targeted gene panels used in other studies may
not fully capture all RBI-aberrant tumors. In contrast, 7P53
and RBI are altered in roughly 40 and 5%, respectively, of
adenocarcinomas from the same anatomic sites [8] and are
infrequently altered in neuroendocrine tumors, which instead
harbor frequent mutations in MENI (lung, pancreas) and
DAXX/ATRX (pancreas) [4, 10, 11].

The genetics of neuroendocrine carcinomas originating
at other anatomic sites are less well established. Limited
studies have demonstrated an association of neuroendocrine
carcinoma with human papillomavirus (HPV) infection in
the cervix (HPV 18 > HPV 16) [12] and oropharynx (HPV
16 > 18) [13, 14], with a subset of the latter being asso-
ciated with conventional HPV-related oropharyngeal squa-
mous cell carcinoma. In addition, one study observed high-
risk HPV (HR-HPV) by in situ hybridization in anal (5/5
cases) and rectal (9/11 cases) small cell carcinoma, but only

two cases (1 anal, 1 rectal) had high viral copy numbers
while the remaining cases showed low HPV copy number
[15]. Given the essential role for loss of TP53 and RBI in
the pathogenesis of small cell lung cancer, HPV infection
might represent an alternative mechanism for p53 and Rb
inactivation via the virally encoded oncoproteins E6 and E7,
respectively [16]; however, none of the above studies
examined the genomic profiles of neuroendocrine carcino-
mas that were associated with HR-HPV.

Neuroendocrine carcinomas in the colon or rectum are rare
[17], and their molecular pathogenesis remains poorly
understood. To date, three studies using either Sanger
sequencing or small panel amplicon-based next-generation
sequencing examined the molecular features of colorectal
neuroendocrine carcinomas and/or mixed adenoneuroendo-
crine carcinomas [18-20]. All three studies observed frequent
mutations in BRAF, KRAS, TP53, and APC and established
that the neuroendocrine carcinoma component of mixed
tumors shares a clonal origin with the glandular component.
However, there was contradicting data on the frequency of
RB1 dysregulation; the first study showed decreased Rb
expression by immunohistochemistry in 56% of neuroendo-
crine carcinomas [18], whereas the two more recent studies
observed infrequent alterations in RBI [19, 20]. Taken toge-
ther, the emerging paradigm from prior data is that colorectal
neuroendocrine carcinoma more closely resembles colorectal
adenocarcinoma and does not require RB/ dysregulation akin
to neuroendocrine carcinoma at other sites.

In this study, we sought to define the molecular drivers of
colorectal neuroendocrine carcinoma, including the
requirement for RBI inactivation and association with HR-
HPYV infection, with attention to differences between tumors
that arise in the right vs. left colon. We identified 25 cases of
colorectal neuroendocrine carcinoma at our institution and
evaluated for expression of p53, Rb, and pl6 by immuno-
histochemistry and assessed for HR-HPV infection by in situ
hybridization and polymerase chain reaction (PCR), sepa-
rately analyzing synchronous glandular or squamous com-
ponents. We additionally profiled genomic alterations in 24/
25 cases by capture-based next-generation sequencing of
479 cancer-related genes. Our results demonstrate that Rb/
E2F pathway dysregulation is a key feature of colorectal
neuroendocrine carcinoma and can be mediated by multiple
molecular mechanisms, including HR-HPV infection.

Materials and methods

Case selection

This study was approved by the Institutional Review Board
of the University of California, San Francisco. Twenty-five

colorectal or anal poorly differentiated neuroendocrine
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carcinomas were identified in the pathology department
archives of the University of California, San Francisco,
spanning 1994—2017, for which slides and/or tissue were
available. Nine low or intermediate grade (G1/G2) rectal
neuroendocrine tumors, spanning years 2006—2015, and 80
colorectal adenocarcinomas (33 right-sided, 6 transverse, 23
descending/sigmoid, and 18 rectal), spanning years 2000
—2014, were selected for comparison for immunohisto-
chemical and/or HR-HPV analysis. All specimens were
fixed in 10% neutral buffered formalin and embedded in
paraffin. All clinical information was obtained from the
University of California, San Francisco electronic medical
record and from referring institutions. Overall survival was
calculated from date of first pathologic diagnosis until date
of death and was censored as date of last known alive for
patients still alive or lost to follow-up. Survival analyses
were performed with STATA 13 Professional software
package (STATA/MP 14.2, StataCorp, College Station,
TX) using univariate Cox proportional hazards models.

Histopathology

Hematoxylin and eosin-stained sections of each neuroendo-
crine carcinoma were independently reviewed by five gas-
trointestinal pathologists (S.K., G.EK., SE.U., S.-J.C., NM.
J.) and one lung pathologist (K.J.) to confirm the diagnosis of
poorly differentiated neuroendocrine carcinoma and to further
classify the tumor as small cell, large cell, or neuroendocrine
carcinoma, not otherwise specified (Supplementary Fig-
ure S1). The latter category was used for any of the following:
(a) the tumor demonstrated heterogeneous areas of small cell
and large cell morphology; (b) the tumor was morphologi-
cally homogeneous with overlapping features of small cell
and large cell; or (c) there were discrepant opinions among the
six pathologists. Cases with cytologic and architectural fea-
tures consistent with well-differentiated neuroendocrine
tumors with Ki-67 >20% (now classified as neuroendocrine
tumor Grade 3) were excluded from this study.

Tissue microarray construction

Tissue microarrays were created from 17/25 neuroendo-
crine carcinomas, 9/9 rectal neuroendocrine tumors, and
80/80 colorectal adenocarcinomas using either 4-mm
punch biopsies or multiple 2-mm punch biopsies of
formalin-fixed paraffin-embedded tissue. Two punches
were used for mixed tumors with spatially distinct neu-
roendocrine and glandular components.

Immunohistochemistry

Immunohistochemistry was performed on whole tissue
sections or tissue microarrays. The following antibodies and
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dilutions were used: synaptophysin (polyclonal, 1:100, Cell
Marque, Rocklin, CA, USA), chromogranin A (LK2H10,
1:4, Cell Marque), p16 (E6H4, prediluted, Ventana Medical
Systems, Tucson, AZ, USA), Rb (G3-245, 1:100, BD
Biosciences, San Jose, CA, USA), p53 (DO-7, prediluted,
Leica Biosystems, Buffalo Grove, IL, USA), p63 (4A4,
prediluted, Ventana Medical Systems, Tucson, AZ, USA),
p40 (BC28, prediluted, Biocare Medical, Concord, CA,
USA), CDX-2 (EP25, prediluted, Leica Biosystems), and
Ki-67/MIB-1 (MIB-1, 1:50, DAKO, Carpinteria, CA,
USA). Antigen retrieval was as follows: for chromogranin
A, pl6, p63, and CDX-2, Bond epitope retrieval solution 1
(Leica Biosystems); and for synaptophysin, Rb, p53, p40,
and Ki-67/MIB-1, Bond epitope retrieval solution 2 (Leica
Biosystems).

For synaptophysin, chromogranin, and CDX-2, positive
cytoplasmic (synaptophysin or chromogranin) or nuclear
(CDX-2) staining was defined as diffuse (>50%), patchy
(10-50%), or focal (<10%) with an intensity of weak,
moderate, or strong. For p16, diffuse (>90%) strong nuclear
and cytoplasmic staining (i.e. block-positive staining [21])
was considered positive; patchy strong cytoplasmic and
nuclear staining was classified as patchy; focal strong or
patchy weak staining was considered a wild-type pattern;
and lack of staining was considered negative/lost. For Rb,
diffuse (>50%) or patchy (10-50%) nuclear staining was
considered intact, and lack of staining was considered
negative/lost. For p53, diffuse (270%) strong homogeneous
nuclear staining was considered positive; no nuclear stain-
ing was considered negative/lost; and patchy, hetero-
geneous, weak to moderate nuclear staining was considered
a wild-type pattern. All cases showing loss of Rb, p53, and
pl6 demonstrated internal positive control staining of
infiltrating inflammatory cells. Ki-67/MIB-1 staining was
scored quantitatively using ImageJ software in the foci with
the highest percentage of stained tumor nuclei (at least 500
cells per tumor).

High-risk human papillomavirus in situ
hybridization and polymerase chain reaction

Two methods were used to assess HR-HPV status: (1)
in situ hybridization, performed at ProPath (Dallas, TX,
USA), and (2) PCR. Both methods were performed in 20/25
neuroendocrine carcinomas and 8/9 neuroendocrine tumors;
three neuroendocrine carcinomas were evaluated by PCR
alone, and two neuroendocrine carcinomas and one neu-
roendocrine tumor by in situ hybridization alone due to
limited tissue availability. All 80 colorectal adenocarcino-
mas were evaluated by in situ hybridization alone. Positive
HR-HPV in situ hybridization was defined as nuclear and
cytoplasmic dot-like labeling. A known HPV 16-positive
basaloid squamous cell carcinoma of the anus served as a
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positive control for in situ hybridization and PCR. An RNA
in situ hybridization control was performed on each case to
ensure RNA integrity.

The protocol for extraction and genotyping of HR-HPV
DNA was adapted from published protocols [22]. Briefly,
DNA was extracted from formalin-fixed paraffin-embedded
material using the WaxFree DNA Extraction Kit. After
extraction, DNA concentration was quantitated using a
Qubit Fluorometer. Approximately 5 pg of total DNA was
diluted in TE buffer to a final volume of 1 mL and subse-
quently diluted with an additional 1 mL of 100% EtOH for a
total volume of 2 mL. The diluted DNA was transferred to a
13 mL round bottom tube and transferred to the Roche
Cobas® 4800 system, an automated platform that performs
sample preparation and DNA extraction coupled to a ther-
mocycler that performs real-time PCR for HR-HPV and f-
globin (Cobas® 4800 HPV Amplification/Detection Kit P/
N:05235880190). The system amplifies a sequence of ~200
bp from the L1 region and subsequently uses cleaved
fluorescent-labeled specific oligonucleotide probes for
detection of 14 HR-HPV subtypes (HPV 16, 18, 31, 33, 35,
39, 45, 51, 52, 56, 58, 59, 66, and 68). The assay also uses
[-globin-specific complementary primer pairs in parallel to
assess for DNA integrity and potential PCR inhibitors.
Samples were classified as negative, invalid (if f-globin Ct
value was above the detection limit), or positive for HPV
16, HPV 18, or other HR-HPV subtypes.

Capture-based next-generation DNA sequencing

Sequencing was performed at the University of California,
San Francisco Clinical Cancer Genomics Laboratory using
an assay that targets the coding regions of 479 cancer-
related genes, select introns from 47 genes, and the TERT
promoter, with a total sequencing footprint of ~2.9 Mb
(UCSF500 panel, Supplementary Table S1). In addition, the
assay captures 2000 unique sequences containing common
SNPs within regions devoid of constitutional copy number
variations, to assist in genome-wide copy number and
allelic imbalance analysis. Sequencing libraries were pre-
pared from genomic DNA extracted from tumor and normal
paraffin-embedded tissue. Target enrichment was performed
by hybrid capture using a custom oligonucleotide library,
and sequencing was performed on an Illumina HiSeq 2500.
Duplicate sequencing reads were removed computationally
to allow for accurate allele frequency determination and
copy number calling. The analysis was based on the human
reference sequence UCSC build hgl9 (NCBI build 37),
using the following software packages: BWA: 0.7.13,
Samtools: 1.1 (using htslib 1.1), Picard tools: 1.97 (1504),
GATK: Appistry v2015.1.1-3.4.46-0ga8e1d99, CNVXKkit:
0.7.2, Pindel: 0.2.5b8, SATK: Appistry v2015.1.1-1-
gead5d62, Annovar: v2016 FebOl, Freebayes: 0.9.20 and

Delly: 0.7.2 [23—33]. Somatic single-nucleotide variants,
insertions/deletions, and rearrangements were visualized
and verified using Integrated Genome Viewer. Genome-
wide copy number analysis based on on-target and off-
target reads was performed by CNVkit and Nexus Copy
Number (Biodiscovery, Hawthorne, CA, USA) [28]. Large-
scale chromosomal changes were defined as those involving
entire chromosomes or chromosome arms. Focal copy
number changes were defined as those encompassing less
than ten megabases. All reported amplifications in Fig. 4
were focal and had >5 copy (>3.5 fold) increase and all
deep deletions were focal and had >2 copy loss.

Results

Clinicopathologic features of colorectal
neuroendocrine carcinomas

The clinicopathologic features of the 25 colorectal or anal
neuroendocrine carcinomas analyzed in this study are
summarized in Table 1. Eight cases were in the right colon
(5 male, 3 female; mean age 56, range 39-71), one case was
in the descending colon (female; age 82), and 16 cases were
in the rectum or anus, which showed a male predominance
(13 male, 3 female; mean age 49, range 25-72). Among
right colon cases, three patients died of disease (median
survival 7 months), two patients were alive with disease,
and three patients were alive with no evidence of disease,
with a minimum follow-up of 11 months. Among left colon
cases, 13 patients died of disease (median survival
10 months), one patient was alive with disease, and three
patients were alive with no evidence of disease, with a
minimum follow-up of 13 months. In 11/25 cases (1 right
colon, 10 left), the patient only had a mucosal biopsy and
did not undergo surgical resection. For these cases, para-
meters such as tumor size and lymph node status were
assessed based on endoscopic and/or radiologic findings.
All cases were reviewed by an expert panel of six sur-
gical pathologists. The 25 included cases were unanimously
classified as poorly differentiated neuroendocrine carci-
noma. All neuroendocrine carcinomas had a high Ki-67
proliferation index (mean 65%, range 31-93%). Expression
of at least one neuroendocrine marker was required for the
diagnosis: all cases demonstrated positive staining for
synaptophysin (22 diffuse, 1 patchy, and 2 focal) and 18/25
were positive for chromogranin (13 diffuse, 3 patchy, 2
focal) (Supplemental Table S2, Supplemental Figure S2).
Fourteen out of 21 cases showed positive staining for CDX-
2 (6 diffuse, 6 patchy, 2 focal), and all cases were negative
for the squamous markers p40 and p63 (Supplementary
Figure S2, Supplementary Table S2). In 10/25 cases, there
was unanimous agreement on small cell vs. large cell
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g morphology: small cell carcinomas were characterized by
= § tumor cells with scant cytoplasm and enlarged, hyperchro-
=} . . . .
2 & matic nuclei with nuclear molding (Supplementary
g Q"’é Fig S1A) whereas large cell carcinomas were characterized
% 3 by tumor cells with more abundant cytoplasm and enlarged
& s nuclei with prominent nucleoli, without nuclear molding
: é A A E (Supplementary Figure S1B). The remaining 15 cases had
S & gz | some degree of overlapping features between small cell and
o g large cell morphology or inter-observer variability (Sup-
! - E£58 g lementary Figure S1C)
g 2212 28 2 plementary Figure . .
;_E E SEZ g% g Most of the cases (11/14 resections; 16/25 overall) had
T [=9 < = Q . .
§§E £ ; Tgré 1 % ° 2 an associated adenoma, adenocarcinoma, or squamous cell
- cE3:5% ¢ 2 REE s carcinoma component. In the right colon, 6/7 (86%)
= c = © o= .
g §ﬁ% 5%% §%, z E % % resections or 6/8 (75%) cases overall had either an asso-
b=t S8 S8R5 8= ¢ . . . . . .
g gé §§§ §“ §§ g E e 2 % ciated noninvasive adenoma (3/8) or invasive adenocarci-
. = noma (3/8) component. In the left colon, 5/7 (71%)
S, o p
" g § resections or 10/17 (59%) cases overall had an associated
B4 ©
g oral g noninvasive adenoma/flat dysplasia (6/17), adenocarcinoma
. =) .
é %D% g = = (3/17), or squamous cell carcinoma (1/17) component.
@ = <
>
o <
‘é % E ! p53, Rb, p16, and HPV status of colorectal
=3 1% . .
ae £ z |= neuroendocrine carcinomas reveal three molecular
g atterns
- £ P
S_B g
DE S 5
SES | % To determine the frequency of TP53 and RB/E2F pathway
5 aberration, we evaluated protein expression of p53, Rb, and
, S P P P
<% o 16 by immunohistochemistry and performed PCR and
- = e &n p Yy ry p
55 5 ;_‘5 g in situ hybridization for HR-HPV (Figs. 1-4, Supplemen-
El § § i 3 3 tary Table S3). The 25 neuroendocrine carcinomas could be
©Zs & & | ¢ grouped into one of three major patterns based on Rb
Q . .
Eg S 5 4 g expression and HR-HPV status (Fig. 5b).
= © kS § Group 1 (14 cases) demonstrated loss of Rb protein
> el . .
& 3 g = expression and lacked HR-HPV (Figs. 1 and 4, Supple-
S S E g p g pp
OE « 8 § g mentary Table S3). All 8 (100%) right colon neuroendo-
ge > $ S g 5 crine carcinomas and 6/17 (35%) left colon neuroendocrine
2 2 § g 2 carcinomas showed this pattern. Among these 14 cases, 13
Q = . . .
= Z3 8 i 93%) demonstrated diffuse strong block-like expression of
8 S S T3 g p
k& k= § £ & p16 and showed loss of Rb. One case had negative p16 and
5 E=T . .
% - P ; < g g was later found to have a deep deletion of the pl6-encoding
= a z = = g :D gene CDKN2A. Half of the cases (7/14) demonstrated
= g g E £ aberrant pS3 expression (3 negative, 4 diffuse strong). Ten
AN C . .
§E2 :, £ 5 E cases had an associated adenoma or adenocarcinoma com-
S B 7 . . . . .
g E ‘_3 é: g g ; g2 ponent, 8 of which had tissue available for comparison with
2 7] b5 B . .
aE g @ 2 B £ 2 the neuroendocrine carcinoma component. In all eight
& S . . . .
°2 £ 2 mixed tumors, Rb expression was intact in the glandular
o < j:’ o . . .
S5 S g component and lost in the associated neuroendocrine com-
f O <
g g % £ > 2z ponent, although one case demonstrated focal/subclonal
g g s g £ . .
5 2 g 2 |g£ s B loss of Rb in the adenoma (Supplementary Figure S3). The
2 z g 8§ o 5 glandular component demonstrated wild-type pl6
= — 9 . . . .
=88 oy 3 8 2 2 expression in 7/8 (88%) cases and diffuse strong p16 in 1/8
= s g5 8 ; 12.5%), whereas the synchronous neuroendocrine compo-
- | 3 s £ y p
v |7 = 2 RE5 5§ £ nent always had diffuse strong p16 expression (7/8) or loss
s | ¢ © = |27 8 & Y gp p
< — — S .
s 13 3 J 123 B A of pl16 (1/8). Aberrant p53 was seen in both glandular and
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Group 2 (4/25 cases) demonstrated intact Rb protein
expression and lacked HR-HPV (Figs. 2 and 4, Supple-
mentary Table S3). All four cases with this pattern were in
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<« Fig. 1 Loss of Rb protein expression in all right colon and a subset of

left colon neuroendocrine carcinomas (NEC). This right colon neu-
roendocrine carcinoma (a—e, case R3) and left colon neuroendocrine
carcinoma (f—j, case L4), representatives of the first molecular sub-
group in this study, each had an associated tubular adenoma (TA). In
both cases, the neuroendocrine carcinoma component showed Rb loss
(c, h) and diffuse strong block-like p16 expression (d, i), whereas the
TA had intact Rb and negative or wild-type pl16. The right colon
neuroendocrine carcinoma and associated TA showed wild-type p53
expression (b). The left colon neuroendocrine carcinoma and a sub-
clonal population within the associated TA showed diffuse strong p53
expression (g). Both cases were negative for high-risk human papil-
lomavirus (HR-HPV) by in situ hybridization (ISH). All cases with
loss of Rb protein expression also demonstrated genomic alterations in
RBI1 (see Fig. 4) (Hematoxylin and eosin, a and f)

the left colon (three rectal, one rectosigmoid), and two of
the four patients had a history of ulcerative colitis. All four
demonstrated aberrant p53 expression (one negative, three
diffuse strong). Two showed diffuse strong block-like p16
expression, one had pl6 loss, and one had patchy strong
p16 expression. Three cases had an associated adenoma, flat
dysplasia, or adenocarcinoma component. Aberrant p53
expression was observed in both the glandular and neu-
roendocrine components in 1/3 (33%); the glandular com-
ponent in the remaining two cases showed a wild-type
p53 staining pattern. None of the three mixed tumors
demonstrated the same level of pl6 expression in the
glandular and neuroendocrine components.

Group 3 (7/25 cases) demonstrated high copy numbers of
HR-HPV and intact Rb protein expression (Figs. 3 and 4,
Supplementary Table S3). All seven of these cases were
left-sided (five rectal, two anal). Four out of seven were
positive for HPV 18, two for HPV 16, and one for a dif-
ferent high-risk HPV subtype. Only 5/7 cases had sufficient
tissue for immunohistochemical studies; of these, all five
(100%) demonstrated diffuse strong block-like staining for
pl6 and a wild-type p53 staining pattern. Three cases had
an associated adenoma, adenocarcinoma, or squamous cell
carcinoma component, all of which demonstrated identical
results in both the non-neuroendocrine and neuroendocrine
carcinoma components (positive HR-HPV, block-positive
pl6, and intact Rb and p53).

All nine rectal neuroendocrine tumors demonstrated
wild-type p53 and intact Rb. p16 expression was wild-type
in 6/9 (67%), negative in 2/9 (22%), and patchy strong in 1/
9 (11%). No cases were associated with HR-HPV (Sup-
plementary Figure S4, Supplementary Table S2). Similarly,
none of the 80 cases of colorectal adenocarcinomas were
associated with HR-HPV.

Genomic profiling of colorectal neuroendocrine
carcinomas reveals three molecular subgroups

To profile the genomic alterations within colorectal neu-
roendocrine carcinomas, we performed capture-based next-
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generation sequencing targeting 479 cancer-related genes
on 24/25 cases (8 right-sided, 16 left-sided). One case in the
left colon that was positive for HR-HPV had insufficient
tissue available for sequencing. The sequencing data
revealed three molecular subgroups that directly corre-
sponded to those observed by immunohistochemistry
(summarized in Fig. 4). All pathogenic and likely patho-
genic mutations, focal amplifications, deep deletions, and
rearrangements are shown in Fig. 4. Variant details
including genomic coordinates and mutant allele fre-
quencies are provided in Supplementary Table S4. Altera-
tions of unknown significance are listed in Supplementary
Table S5.

Group 1 cases, which lacked Rb protein and were HR-
HPV negative, all demonstrated genomic alterations in RB1.
The majority (11/14, 79%) had at least one truncating
mutation in RBI (frameshift, non-sense, or splicing variant)
accompanied by either loss of heterozygosity or additional
mutations in RBI. The remaining three cases (21%)
demonstrated focal deep deletions in RB/. This group also
had frequent alterations in TP53 (8/14, 57%), APC (10/14,
71%), and KRAS (5/14, 36%) or BRAF (1/14, 7%). Four of
the cases in this group (29%, 3 right colon, 1 left colon)
were hypermutated. Two cases in the right colon demon-
strated microsatellite instability and were identified as
Lynch syndrome patients. The other two hypermutated
cases demonstrated POLE p.P286R mutations. These
hypermutated cases had numerous truncating variants in
additional tumor suppressor genes including KMT2D,
PTEN, and NFI (Fig. 4). Focal amplifications were not
common in this group, but one case demonstrated TERT
amplification, and another case demonstrated MYCN
amplification.

Group 2 cases, which had intact Rb and were HR-HPV
negative, had no genomic alterations in RB/, but genomic
alteration in other Rb/E2F pathway genes were identified in
2/4 cases. These two cases demonstrated high-level focal
amplification in CCNE accompanied by high-level focal
amplification of MYC or MYCN. The remaining two cases
did not show alterations in Rb/E2F pathway genes; one case
harbored a truncating variant in SMARCBI with loss of
heterozygosity, and the other case had focal amplification of
TERT. All four cases in this group had biallelic alterations
in TP53, and two had APC mutations. All four cases were
left-sided, and two of the patients had a history of ulcerative
colitis.

Group 3 cases, which had intact Rb and were HR-HPV
positive, had no genomic alterations in either RBI or TP53
(6/6 cases). Four (67%) of the cases in this group had
alterations in receptor tyrosine kinase, PI3-kinase, or RAS/
MAPkinase pathway genes, including ERBB2, PIK3CA,
PTEN, and KRAS. The two cases with HPV 16 demon-
strated focal high-level SOX2 amplification.



Identification of high-risk human papillomavirus and Rb/E2F pathway genomic alterations in mutually... 299

Fig. 2 Intact Rb expression with
negative high-risk human
papillomavirus (HR-HPV) in a
subset of left colon
neuroendocrine carcinomas
(NEC). This left colon
neuroendocrine carcinoma (a—e,
L7), representative of the second
molecular subgroup in this
study, had an associated
adenocarcinoma (f—j). Both the
neuroendocrine carcinoma and
adenocarcinoma components
demonstrated diffuse strong p53
(b, g) and intact Rb (¢, h). The
neuroendocrine carcinoma
component had diffuse strong
block-like p16 expression (d),
whereas the adenocarcinoma
had patchy strong p16
expression (i). Both components
were negative for HR-HPV by
in situ hybridization (ISH) and
PCR (e, j). Four left colon
neuroendocrine carcinomas with
this staining pattern all
demonstrated 7P53 mutation
and 3/4 had focal amplifications
of CCNEI, MYC, MYCN, or
TERT and 1/4 had SMARCBI
alteration (see Fig. 4)
(Hematoxylin and eosin, a and f)

~ R

'HR-HPV ISH -

N

There was no statistically significant difference in ~ compared overall survival between hypermutated and
overall survival between the three molecular subgroups, = nonhypermutated cases, between tumors arising in the
which may be due to small sample size. We also  right colon vs. left colon, and between left-sided HPV-
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Fig. 3 Intact Rb expression with
positive high-risk human
papillomavirus (HR-HPV) in a
subset of left colon
neuroendocrine carcinomas
(NEC). This left colon
neuroendocrine carcinoma (a—e,
case L13), representative of the
third molecular subgroup in this
study, had an associated
adenocarcinoma (f—j). Both
components demonstrated wild-
type p53 expression (b, g), intact
Rb (¢, h), diffuse strong block-
like p16 expression (d, i), and
high copy numbers of HR-HPV o
by in situ hybridization (ISH). ek
None of the cases with this s y 3 3 "';&" :é_'?’z:
staining pattern had genomic 3e o
alterations in RBI or TP53 (see

Fig. 4) (Hematoxylin and eosin,
aand f)
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related and non-HPV-related tumors. Although none of  in the right colon compared with those that had left-sided
these reached statistical significance, there was a trend tumors (hazard ratio 2.56; 95% confidence interval
towards better survival outcomes in patients with tumors  0.72-9.11; p value = 0.14).
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Fig. 4 Genomic alterations in colorectal neuroendocrine carcinomas
(NEC). Summary of pathogenic genomic alterations identified in right
and left colon neuroendocrine carcinomas (24/25 cases). The top panel
shows the presence of a glandular/squamous component; the immu-
nohistochemical (IHC) staining pattern and high-risk human papillo-
mavirus (HR-HPV) status in the neuroendocrine carcinoma
component; and any history of inflammatory bowel disease. Group 1
cases, including all right colon neuroendocrine carcinomas (8/8 cases)

Discussion

The Rb protein is a critical negative regulator of the cell
cycle that binds the transcription factor E2F and thus blocks
entry into S-phase [34]. In this study, we demonstrate that
Rb/E2F pathway dysregulation is near-universal in color-
ectal neuroendocrine carcinoma and occurs by three distinct
molecular mechanisms (Fig. 5). The first two mechanisms
involve genomic alteration of either the RB/ gene or other
Rb/E2F pathway genes, and both these mechanisms were
exclusive to the neuroendocrine carcinoma component of
mixed tumors. In 58% of cases, pathway disruption occur-
red via biallelic alteration of the RBI gene, either by
mutation or deep deletion. These cases showed loss of Rb

and 35% of left colon neuroendocrine carcinomas (6/17 cases), had
genomic RBI alterations and were HR-HPV negative. Group 2 cases
comprised 24% of left colon neuroendocrine carcinomas (4/17 cases),
lacked RBI alterations, were HR-HPV negative, and showed TP53
alterations combined with focal amplifications in CCNEI, MYC,
MYCN, or TERT. Group 3 cases comprised 41% of left colon neu-
roendocrine carcinomas (7/17, 6 sequenced) had HR-HPV infection
and lacked RBI or TP53 alterations

protein, almost always accompanied by increased pl6
expression, except for one case that had a CDKN2A deep
deletion. Loss of Rb protein was restricted to the neu-
roendocrine carcinoma component of all mixed tumors,
although we did identify a single case that demonstrated
subclonal loss of Rb in a microscopic focus of the asso-
ciated tubular adenoma (Supplementary Figures S4). These
data strongly suggest that inactivation of Rb drives pro-
gression of colorectal adenomas or adenocarcinomas to
neuroendocrine carcinoma.

A second subset of cases (4/25, all left colon) lacked
genomic alteration of RBI but had alterations in other Rb/
E2F pathway genes (2/4 cases). Two cases occurring in
ulcerative colitis patients had focal amplifications of
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Fig. 5 Rb inactivation is a key a
driver of colorectal
neuroendocrine carcinoma
(NEC). a Rb inactivation in
colorectal neuroendocrine
carcinoma occurs via three
distinct mechanisms, which feed
into different points within the
Rb/E2F signaling pathway. b
These three molecular groups
can be distinguished by
immunohistochemistry (IHC)
for Rb and in situ hybridization
(ISH) for high-risk human
papillomavirus (HR-HPV). Dark
gray indicates expression is lost;
red indicates diffuse strong
expression (p53) or a positive
result (HR-HPV). ¢ In the right c
colon, Rb inactivation was
always due to RB/ genomic
alteration (mechanism 1). In the
left colon, three mutually
exclusive mechanisms were
observed: (1) RBI genomic
alteration; (2) CCNEI/MYC
amplification; and (3) HR-HPV
infection

Right colon

1. RB1 genomic alteration

CCNE] and MYC or MYCN, which were accompanied by
high p16 expression, again restricted to the neuroendocrine
carcinoma component. High-level amplifications are not
common in colorectal adenocarcinoma but have been
reported to be enriched in patients with inflammatory bowel
disease [35, 36]. Another case in this group demonstrated an
inactivating mutation in SMARCBI, a core member of the
SWI/SNF chromatin remodeling complex. Although
SMARCBI is not considered to be part of the Rb pathway,
inactivation of SMARCBI has been shown to lead to
hyperphosphorylation of Rb and upregulation of E2F tar-
gets [37]. The last case in this group had a TERT amplifi-
cation, but no alteration related to Rb was identified.
Finally, the third mechanism of Rb inactivation was
mediated by HR-HPV, and this group demonstrated HR-
HPV infection in both components of mixed tumors. HPV
18 was the most common viral type detected (4/7) followed
by HPV 16 (2/7) and other high-risk strains (1/7). HPV was
not detected in any of the 80 colorectal adenocarcinomas
used as a control group in our study, which is consistent
with prior studies [38]. The HPV oncoprotein E7 interacts
with the active, hypophosphorylated form of Rb, which
results in both Rb functional inactivation and accelerated
degradation [39]. The HPV E6 oncoprotein induces p53
protein degradation [40]. Of note, cases in this group did not
show complete loss of Rb or p53 expression by
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Wild-type / ISH neg
Lost
Diffuse strong / ISH pos

Left colon
1. RB1 genomic alteration

2. MYC/CCNE1 amplification
(ulcerative colitis)

3. HR-HPV infection

immunohistochemistry, suggesting that these proteins are
not fully degraded.

Whereas Rb/E2F pathway dysregulation was seen in
92% (23/25) of cases, pS3 inactivation occurred in 76% (19/
25) of cases. Forty-eight percent (12/25) had TP53 genomic
alterations and 28% (7/25) were HR-HPV positive. The six
cases that lacked TP53 genomic alterations or HR-HPV all
occurred in molecular group 1 (genomic alteration of RB1),
and 50% (3/6) were hypermutated, with dozens of muta-
tions in other tumor suppressor genes (Supplementary
Table S4). The fact that Rb but not p53 inactivation is still
required in hypermutated cases suggests that Rb may play a
more important role in driving neuroendocrine carcinoma
than p53.

Interestingly, neuroendocrine carcinoma arising in the
right colon occurred exclusively by RBI genomic alteration,
whereas all three mechanisms of Rb inactivation were
observed in the left colon. This finding may partly explain
the higher frequency of neuroendocrine carcinoma in the
latter. These data further support the concept of “sidedness”
in colorectal cancer. Recent findings suggest that the opti-
mal first-line treatment for colorectal adenocarcinoma
depends on whether the tumor was originally right-sided or
left-sided [41, 42]. Our data suggest that the molecular
underpinnings of colorectal neuroendocrine carcinoma also
depend on ‘sidedness,” a finding that could have
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therapeutic implications. Importantly, classification into
these three molecular groups ultimately did not require
sequencing and could be accomplished in tissue sections
using immunohistochemistry and in situ hybridization
(Fig. 5b). This approach could potentially alleviate sig-
nificant challenges in classifying these tumors based on
small biopsy material. Although we did not see any statis-
tically significant differences in overall survival between the
different molecular groups, we did see a trend towards
better outcomes in patients with right-sided tumors com-
pared to those with left-sided tumors. Larger scale genomic
and immunohistochemical studies are now needed to
determine whether these subgroups are associated with
meaningful differences in patient outcomes.

Our findings may have important therapeutic implica-
tions. Optimal therapy for colorectal neuroendocrine carci-
noma remains ill-defined. Traditionally often treated
according to small cell lung cancer guidelines [43], some
authors have advocated consideration of adenocarcinoma
treatment regimens, in part because colorectal neuroendo-
crine carcinomas share a subset of molecular alterations
with colorectal adenocarcinomas [19]. While our data do
show frequent TP53, Wnt pathway, and Ras/MAP-kinase
pathway alterations, like colorectal adenocarcinoma, our
data highlight Rb/E2F pathway dysregulation as a critical
and distinct molecular feature of colorectal neuroendocrine
carcinoma that is rarely seen in colorectal adenocarcinoma.
This finding supports a requirement for Rb inactivation in
colorectal neuroendocrine carcinoma analogous to what has
been observed in neuroendocrine carcinoma of the lung and
other organs. As such, it remains unclear if the optimal
approach to the treatment of colorectal neuroendocrine
carcinoma should be organ site-specific or matched to that
used for other neuroendocrine carcinomas characterized by
Rb loss of function (independent of site of origin) [44—46].

Regardless of anatomic site, neuroendocrine carcinoma
carries a universally poor prognosis, and platinum-based
chemotherapy has served as the mainstay of treatment for
both localized and metastatic disease [47]. While most
patients initially respond, tumors almost inevitably relapse.
Importantly, our sequencing analysis revealed distinct
molecular subgroups that may offer new avenues for
treatment. Four cases (16%) with RBI genomic loss also
showed a hypermutated phenotype due to either mismatch
repair (MMR) deficiency (two cases) or mutation in DNA
polymerase epsilon (POLE) (two cases). Patients with
MMR-deficient tumors have demonstrated increased clin-
ical benefit from immune checkpoint blockade with the anti-
PD-1 antibody pembrolizumab in a phase 2 clinical trial,
leading to FDA approval for this indication [48]. This
therapeutic response is hypothesized to result from
increased tumor neoantigen production that enhances the
antitumor immune response [49]. POLE-mutant cancers

have an even higher mutation burden, often exceeding 100
mutations per Mb, vs. 10-100 per Mb in MMR-deficient
tumors and 1-10 per Mb in microsatellite stable tumors
[50]. Mutations in the proofreading exonuclease domains of
POLE and DNA polymerase delta 1 (POLDI) have been
identified in patients with non-small cell lung cancer and
endometrial carcinoma who responded to pembrolizumab
[51, 52]. Nevertheless, most POLE-mutant tumors are
not detected by routine microsatellite instability testing.
Currently, a phase 2 clinical trial of pembrolizumab at
our institution is limited to patients with previously
treated  extrapulmonary  neuroendocrine  carcinoma
(NCTO03136055). Given the potential for significant ther-
apeutic benefit from immunotherapy, further testing for a
hypermutated phenotype in colorectal neuroendocrine car-
cinoma may be indicated to identify candidate patients who
would benefit from this treatment approach.

Finally, our study highlights colorectal neuroendocrine
carcinoma as another tumor type that is driven by HR-HPV,
which has important implications for screening, prevention,
and treatment. In terms of treatment, HPV-driven neu-
roendocrine carcinoma may also respond to immune
checkpoint blockade, even without a hypermutated pheno-
type. For example, response to pembrolizumab has been
reported in advanced Merkel-cell carcinoma, both in tumors
positive for the Merkel-cell polyomavirus and those due to
ultraviolet light, which have markedly different mutational
burdens [53]. Despite having a low mutational load, virus-
associated tumors are thought to induce an antitumor
immune response via expression of viral antigens. Simi-
larly, HPV-associated carcinoma may elicit an HPV-
specific immune response, and this rationale has recently
motivated multiple clinical trials for immunotherapy in
advanced cervical cancer [54].

In summary, we have identified a critical role for Rb in
the molecular pathogenesis of colorectal neuroendocrine
carcinoma and found that a significant subset of rectal and
anal tumors is driven by HR-HPV infection. Future stu-
dies are indicated to evaluate the frequency of both
virally driven and hypermutated tumors and whether
distinct molecular subgroups of neuroendocrine carci-
noma may benefit from specifically targeted therapeutic
approaches.
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