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Abstract

Well-differentiated hepatocellular neoplasms are currently classified in the World Health Organization scheme as
hepatocellular adenoma or hepatocellular carcinoma. There is no recognized diagnostic category for atypical cases with
borderline features, and we have designated these as atypical hepatocellular neoplasms. Diffuse glutamine synthetase
staining is used as a surrogate marker to detect -catenin activation, a well-recognized high risk feature in hepatocellular
tumors. This study examined 27 well-differentiated hepatocellular neoplasms with diffuse glutamine synthetase staining,
including 7 atypical hepatocellular neoplasms with no cytoarchitectural atypia, 6 atypical hepatocellular neoplasms with
focal cytoarchitectural atypia, and 14 well-differentiated hepatocellular carcinomas. Capture-based next-generation
sequencing was performed, and alterations in WNT pathway genes (CTNNBI, APC, AXINI) were seen in 81% of cases
(10/13 atypical hepatocellular neoplasms and 12/14 of hepatocellular carcinomas), while the molecular basis of diffuse
glutamine synthetase staining was unclear in the remaining 19% of cases. Additional non-WNT pathway mutations (7P53,
TSC1, DNMT3A, CREBBP) or copy number alterations were present in 56% of atypical hepatocellular neoplasms, with no
significant difference in cases with or without focal cytoarchitectural atypia, supporting that all cases with P-catenin
activation should be classified as atypical irrespective of atypia. Atypical hepatocellular neoplasm and hepatocellular
carcinoma also demonstrated largely similar genomic profiles, but TERT promoter mutations were restricted to
hepatocellular carcinoma (21%) and copy number alterations were more common in hepatocellular carcinoma (64 vs
31%). Mutational and copy number analysis may be helpful in characterization and risk stratification of atypical
hepatocellular neoplasms when morphology and glutamine synthetase staining yield ambiguous results.

Introduction

Activation of P-catenin is a well-recognized high risk
feature in liver tumors with morphologic features of
hepatocellular adenoma [1-5]. These tumors are categor-
ized as B-catenin-activated hepatocellular adenomas in the
World Health Organization 2010 classification [6].
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Compared to other hepatocellular adenoma subtypes, -
catenin-activated tumors are frequently associated with
male gender, advanced age and hepatocellular carcinoma
at diagnosis or on follow-up [1, 2, 7]. Atypical
cytoarchitectural features, including cytologic atypia,
pseudoacinar architecture, focally thickened cell plates,
small cell change and reticulin loss occur in 40-80% of
these tumors [2, 3, 5]. These changes are often focal and
not sufficient for an unequivocal diagnosis of hepatocel-
lular carcinoma. Cytogenetic changes typical of hepato-
cellular carcinoma such as gains of chromosomes 1 and 8
have been described in these tumors [2, 8, 9]. Due to the
presence of atypical pathologic/cytogenetic features and
frequent association with hepatocellular carcinoma, it has
been advocated that these tumors should not be classified
as a subtype of hepatocellular adenoma and are more
appropriately designated as atypical hepatocellular neo-
plasms [2]. Other terms like hepatocellular neoplasm of
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uncertain malignant potential (HUMP) and borderline
lesions have also been used [4, 9-12].

In view of the high risk of hepatocellular carcinoma in
hepatocellular adenoma -like tumors with pB-catenin activa-
tion, resection of these tumors is recommended [7, 13]. This
puts the onus on the pathologist to accurately determine f3-
catenin activation in these tumors to facilitate proper man-
agement. f-catenin activation most commonly results from
mutations or deletions involving exon 3 of the CTNNBI (-
catenin) gene leading to nuclear translocation of p-catenin,
which can be demonstrated by immunohistochemistry
[1, 3, 4, 14]. Nuclear B-catenin leads to transcriptional
activation of glutamine synthetase. In normal liver, gluta-
mine synthetase is confined to a few hepatocytes around the
central vein, while diffuse cytoplasmic staining is typical of
p-catenin activation [1]. Nuclear B-catenin has low sensi-
tivity for detecting f-catenin activation, while diffuse glu-
tamine synthetase staining is more reliable [1, 3].

Although the use of diffuse glutamine synthetase as a
surrogate for [P-catenin activation has become standard
practice to identify high risk tumors, the correlation of
diffuse glutamine synthetase staining and p-catenin activa-
tion is not perfect. The reported correlation between diffuse
glutamine synthetase staining and CTNNBI mutations is
15-100% in hepatocellular carcinoma and 75-100% in
atypical hepatocellular neoplasms [1-4, 15-19]. The reason
for this discrepancy is not clear.

In this study, capture-based next-generation sequencing
was performed in a series of atypical hepatocellular neo-
plasms and well-differentiated hepatocellular carcinoma
with diffuse glutamine synthetase staining to examine the
molecular basis of glutamine synthetase overexpression.

Materials and Methods
Cases

The study group comprised 13 atypical hepatocellular
neoplasms and 14 well-differentiated hepatocellular carci-
nomas. Study cases were selected from the pathology files
of the University of California, San Francisco and Southern
California Permanente Medical Group. The study was
approved by the institutional review boards. Hematoxylin
and eosin stained sections and reticulin stains were
reviewed in all cases, which were assigned to the categories
enumerated below:

(1) Atypical hepatocellular neoplasms (n = 13; all resec-
tions): These cases were divided into two groups:

(a) Atypical hepatocellular neoplasm without atypia
(n ="T): These cases showed morphologic features
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of hepatocellular adenoma with no cytoarchitec-
tural atypia. These were considered atypical solely
on the basis of presumed f-catenin activation due
to diffuse glutamine synthetase staining.

(b) Atypical hepatocellular neoplasm with cytoarchi-
tectural atypia (n=6): These tumors largely
resembled hepatocellular adenoma but showed
focal atypical morphological features such as
small cell change, pseudoacinar architecture, thick
cell plates and reticulin loss that were not
considered sufficient for the diagnosis of hepato-
cellular carcinoma.

(2) Well-differentiated hepatocellular carcinoma (n = 14;
13 resections, 1 biopsy): Tumors with obvious
cytoarchitectural features of hepatocellular carcinoma
such as thick cell plates, small cell change and
reticulin loss. All cases were well-differentiated
tumors according to the 2010 World Health Organiza-
tion classification [20], and occurred in the setting of
non-cirrhotic liver.

Immunohistochemistry

Immunohistochemical stains performed during the diag-
nostic work-up for the cases on whole sections from
formalin-fixed paraffin-embedded tissue blocks were
reviewed. The following antibodies were used: liver fatty
acid binding protein, serum amyloid A, C-reactive protein,
f-catenin and glutamine synthetase as previously described
[2, 3].

Glutamine synthetase staining was considered diffuse if
moderate to strong cytoplasmic staining was present in 2
50% of tumor cells, and was an inclusion criterion for all
cases in this study. Diffuse glutamine synthetase staining
was classified into one of the following two patterns: (a)
diffuse homogeneous: moderate to strong cytoplasmic
staining in more than 90% of lesional cells, without a map-
like pattern, (b) diffuse heterogeneous: moderate to strong
staining in 50-90% of lesional cells, without a map-like
pattern. Nuclear f-catenin staining was interpreted as
positive irrespective of number of positive cells, while
membranous and/or cytoplasmic staining was considered
negative. Positive nuclear p-catenin staining was further
categorized, based on approximate number of positive
tumor cells, as focal (< 5%), patchy (5-50%) and diffuse
(>50%). Liver fatty acid binding protein staining was scored
as present (normal result) or lost (abnormal result) based on
cytoplasmic staining in the tumor cells; complete absence of
staining in the tumor cells was required for liver fatty acid
binding protein to be considered lost. Serum amyloid A and
C-reactive protein were considered positive if moderate to
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strong cytoplasmic staining was seen in more than half of
the tumor cells.

Capture-based next-generation sequencing and
data analysis

Genomic DNA was extracted from matched normal and
tumor formalin-fixed paraffin-embedded tissues from each
case. Sequencing libraries were prepared from genomic
DNA, target enrichment was performed by hybrid capture
using custom baits designed to target all coding regions of
479 cancer-related genes, select introns from 47 genes,
and the TERT promoter, with a total sequencing footprint
of ~2.9Mb (Supplementary Table S1). The baits also
capture 2,000 unique sequences containing common
single-nucleotide polymorphisms (SNPs) within regions
devoid of constitutional copy number variations to assist
in genome-wide copy number and allelic imbalance ana-
lysis. Sequencing was performed on an Illumina HiSeq
2500.

Duplicate sequencing reads were removed computa-
tionally to allow for accurate allele frequency determina-
tion 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,
CNVkit:  0.7.2, Pindel: 0.2.5b8, SATK: Appistry
v2015.1.1-1-gea45d62, Annovar: v2016 Feb0Ol, Free-
bayes: 0.9.20 and Delly: 0.7.2 [21-31]. Somatic single-
nucleotide variants, insertions/deletions, and rearrange-
ments were visualized and verified using the Integrative
Genomics Viewer (Broad Institute). Pathogenic and likely
pathogenic somatic mutations were identified by first
excluding all but non-synonymous, splice-site, and TERT
promoter mutations. Next, we excluded variants that had
>0.005 frequency in the Exome Sequencing Project
(esp6500)  (http://evs.gs.washington.edu/EVS/), Exome
Aggregation Consortium (ExAc) [32] or the 1000Genomes
database [33]. The remaining somatic variants were
manually reviewed and annotated using knowledge present
in the following databases: Catalogue of Somatic Muta-
tions in Cancer (COSMIC, https://cancer.sanger.ac.uk/
cosmic), cBioPortal for Cancer Genomics (Www.
cbioportal.org), ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/), and PubMed (https://www.ncbi.nlm.nih.gov/
pubmed/). Genome-wide copy number analysis based on
on-target and off-target reads was performed using CNVKkit
[27] and Nexus Copy Number (Biodiscovery, Hawthorne,
CA). Focal copy number changes were defined as those
encompassing less than 10 megabases. Large scale chro-
mosomal changes were defined as those involving entire
chromosomes or chromosome arms.

Results
Clinical features

Atypical hepatocellular neoplasms (4 males, 9 females,
mean age 29 + 14 years, age range 9-59 years) included 1
male patient with a history of anabolic steroid use, 2 female
patients with a history of oral contraceptive use, and 1 male
patient with Abernethy malformation (Supplementary
Table S2). Two atypical hepatocellular neoplasms (9 and
10) were different nodules from the same patient, who had
history of Ewing sarcoma. Patients with hepatocellular
carcinoma (7 males, 7 females, mean age 36+ 16 years,
range 865 years) included 1 female patient with a history
of oral contraceptive use. All atypical hepatocellular neo-
plasms and hepatocellular carcinomas occurred in non-
cirrhotic liver.

Morphology and immunohistochemistry

By definition, there were no cytoarchitectural abnormalities
in 7 (54%) atypical hepatocellular neoplasms without atypia
(Fig. 1). Cytoarchitectural atypia insufficient for a definite
diagnosis of hepatocellular carcinoma was seen in 6 (46%)
atypical hepatocellular neoplasms (Figs. 2 and 3). The focal
atypical features included nuclear enlargement with pro-
minent nucleoli (n = 2), crowding and small cell change (n
= 3), focally thick cell plates (n = 3), pseudoacinar change
(n=2) and abnormal reticulin framework (n=3). All
hepatocellular carcinomas were well-differentiated and
showed obvious cytoarchitectural atypia and abnormalities
in reticulin framework (Figs. 4, 5). Inflammatory features in
the form of positive serum amyloid A and/or C-reactive
protein were seen in 8/10 (80%) atypical hepatocellular
neoplasms; the results were not available in 3 cases. Loss of
liver fatty acid binding protein was observed in 3 atypical
hepatocellular neoplasms (2 from the same patient); all
other atypical hepatocellular neoplasms showed intact liver
fatty acid binding protein staining (Fig. 6, Supplementary
Table S2).

Diffuse glutamine synthetase staining was present in all
27 study cases. The staining pattern was diffuse homo-
geneous in 69% (9/13) and diffuse heterogeneous in 31%
(4/13) of atypical hepatocellular neoplasms (Figs. 1-3, 6).
In hepatocellular carcinomas, diffuse homogenous gluta-
mine synthetase staining was seen in 79% (11/14) and
diffuse heterogeneous in 21% (3/14) of cases (Figs. 4, 5, 6).
Nuclear p-catenin staining was seen in 13/27 (48%) cases
(Fig. 6). Nuclear p-catenin staining was seen in 5/13 (38%)
atypical hepatocellular neoplasms, all of which had diffuse
homogeneous glutamine synthetase staining. Of the 8§ aty-
pical hepatocellular neoplasms that lacked p-catenin nuclear
staining, 4 each had diffuse homogeneous and diffuse
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heterogeneous glutamine synthetase staining. Nuclear f-
catenin was seen in 8/14 (57%) hepatocellular carcinomas,
all of which showed diffuse homogenous glutamine

SPRINGER NATURE

« Fig. 1 Atypical hepatocellular neoplasm with inflammatory features

showing no cytoarchitectural atypia (a, H&E stain x200). Reticulin
framework is partially disrupted, likely related to fat (b, Gomori reti-
culin stain, x200). Serum amyloid A is positive (¢, x200) and gluta-
mine synthetase shows diffuse homogeneous pattern (d, x100) This
tumor (atypical hepatocellular neoplasm #7) had an APC mutation
without mutations involving the CTNNBI gene

N Ty

i A M o Al

AN
Fig. 2 Atypical hepatocellular neoplasm with atypia characterized by
nuclear enlargement, prominent nucleoli and focal crowding (a, H&E
stain, x200). Glutamine synthetase showed diffuse heterogeneous
staining (b, x100). This tumor (atypical hepatocellular neoplasm #11)
showed S45 mutation in CTNNBI, which has been associated with
diffuse heterogeneous glutamine synthetase staining (“starry sky”
pattern)

synthetase staining. Of the 6 hepatocellular carcinomas
without nuclear p-catenin, 3 each showed diffuse homo-
geneous and diffuse heterogeneous glutamine synthetase
staining.

Genomic alterations in atypical hepatocellular
neoplasms and well-differentiated hepatocellular
carcinomas with diffuse glutamine synthetase

The mean target sequencing coverage for atypical hepato-
cellular neoplasms was 562 +259 unique reads per target
interval and for hepatocellular carcinomas was 457 + 178
unique reads per target interval (Supplementary Table S3).
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Recurrent pathogenic and likely pathogenic alterations, as
well as copy number changes are summarized in Fig. 6.
Variant details, including genomic coordinates and mutant

<« Fig. 3 Atypical hepatocellular neoplasm with atypia characterized by

focally thick cell plates (a, H&E stain, x200) and focal pseudoacinar
architecture (b, H&E stain, x200). Glutamine synthetase showed dif-
fuse heterogeneous staining (¢, x200), and liver fatty acid binding
protein was negative (d, x200). This tumor (atypical hepatocellular
neoplasm #9) showed HNFIA mutation, with no genomic alterations
in the WNT signaling pathway

allele frequencies, are provided in Supplementary Table S4.
Somatic variants of unknown significance are listed in
Supplementary Table S5.

WNT pathway alterations

WNT pathway alterations were seen in 77% (10/13) of
atypical hepatocellular neoplasms and 86% (12/14) of
hepatocellular carcinoma (Table 1, 2, Fig. 6). CTNNBI
mutations or exon 3—4 deletions accounted for the majority
of WNT pathway alterations in atypical hepatocellular
neoplasms (9/10, 90%); one atypical hepatocellular neo-
plasm demonstrated a truncating mutation in APC with loss
of heterozygosity. Three atypical hepatocellular neoplasms
(two from the same patient), 1 with diffuse homogeneous
and 2 with diffuse heterogeneous glutamine synthetase, as
well as 1 hepatocellular carcinoma (diffuse heterogeneous
glutamine synthetase) did not have WNT pathway altera-
tions, but showed loss of liver fatty acid binding protein and
HNFIA mutation (Figs. 3, 6). CTNNBI mutations or exon
3—4 deletions were seen in 86% (12/14) of hepatocellular
carcinomas. Mutations involving exon 7 of CTNNBI were
observed in 2 hepatocellular carcinoma cases, one of which
also harbored an AXINI mutation; the other 10 cases
involved exon 3 of CTNNBI. Of the 2 hepatocellular car-
cinomas without WNT pathway alterations, 1 had three
mutations in HNFIA.

Other mutations and copy number changes

Aside from WNT pathway and HNFIA mutations, 54% (7/
13) atypical hepatocellular neoplasms (4 without atypia, 3
with atypia) and 79% (11/14) of hepatocellular carcinomas
had additional pathogenic alterations or chromosomal copy
number alterations (Fig. 6). Three atypical hepatocellular
neoplasms without atypia demonstrated additional truncat-
ing variants in tumor suppressor genes, with 1 each in
TSC1, CREBBP, and DNMT3A. A fourth atypical hepato-
cellular neoplasm without atypia demonstrated loss of
chromosome 8p and gain of chromosome 8q. Of the 6
atypical hepatocellular neoplasm with cytoarchitectural
atypia, one case had a truncating TP53 mutation and loss of
chromosome 17p, another case demonstrated gain of 8q and
loss of distal 12q, and a third case demonstrated gain of
chromosome 17. Of the 14 hepatocellular carcinoma cases,
recurrent pathogenic mutations were seen in TERT promoter
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(3/14) and single cases demonstrated pathogenic variants in
CDKNZ2A and MTOR. IDHI mutations were observed in 2
hepatocellular carcinoma cases. Recurrent copy number

SPRINGER NATURE

« Fig. 4 Well-differentiated hepatocellular carcinoma with thick cell

plates, focal pseudoacinar architecture (a, H&E stain, x200) and loss
of reticulin network (b, Gomori reticulin stain, x200). Glutamine
synthetase showed diffuse heterogeneous staining (¢, x100) with
peripheral accentuation (d, x40). This tumor (hepatocellular carcinoma
#2) showed mutations in AXINI and exon 7 of CTNNBI; the latter has
been associated with peripheral glutamine synthetase staining

Fig. 5 Well-differentiated hepatocellular carcinoma with thick cell
plates (a, H&E stain, x200) and diffuse homogeneous glutamine
synthetase staining (b, x100). This tumor (hepatocellular carcinoma
#13) showed deletion involving exon 3 of CTNNBI as well as TERT
promoter mutation

alterations were also identified in the hepatocellular carci-
noma cohort including gains in 1q (4 cases), 6 or 6p (2
cases), 7 (4 cases), 8q (2 cases), and 17q (1 case), as well as
losses in 8p (2 cases), 12p (1 case), and 18q (1 case).

Correlation of glutamine synthetase staining
pattern and mutational profile

Twenty out of twenty-seven cases had diffuse homogenous
glutamine synthetase staining with 12 harboring CTNNBI
exon 3—4 in-frame deletions, 5 having CTNNBI exon 3
mutations (one at I35/H36, two at S45, two at T41) and 1
with an APC truncating mutation; no WNT pathway
alterations were seen in 2 cases. Of the seven cases with
diffuse heterogeneous glutamine synthetase, two showed
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Sex
Cytoarchitectural Atypia| |
SAA and/or CRP IHC

Sex Cytoarchitectural Atypia
Female No atypia
Male Present

SAA and/or CRP IHC LFABP |HC

Glutamine Synthetase IHC

CTNNB1

WNT

APC

. Negative . Normal staining, Intact
Positive Lost
Not available Not available

B-catenin IHC Glutamine Synthetase IHC

pathway

AXIN1

HNF1A

0 |No nuclear staining Negative
1 |Focal nuclear staining, <5% Diffuse Heterogeneous

2 |Patchy nuclear staining, 5-50% Diffuse Homogeneous

TERT promoter

3 |Diffuse nuclear staining, >50%

Mutations

No alteration

Known activating hotspot mutation

3 |CTNNBL1 Exon 3 hotspot mutation

7 |CTNNB1 Exon 7 hotspot mutation

CREBBP
DNMT3A

CTNNB1 Exon 3-4 deletion

Chromosome 1q

Missense mutation

Chromosome 6p

Nonsense, frameshift, splice site mutation

Chromosome 6q

Multiple mutations

Chromosome 7

Chromosome 8q

Copy number changes

Chomosome 17p

F:

None detected

Chomosome 17q

Gain

"SR

Chomosome 8p

Loss

Chomosome 124 (distal)

Chomosome 12p (distal)

n "
-

Chromosome 18q

gl

Fig. 6 Genomic alterations in atypical hepatocellular neoplasms and
well-differentiated hepatocellular carcinomas with diffuse glutamine
synthetase staining. The top panel shows patient age, presence or
absence of cytoarchitectural atypia, and immunohistochemical staining

CTNNBI exon 3 mutations (both at S45) and two had
CTNNBI exon 7 mutations (both at K335); no WNT
pathway alterations were seen in 3 cases.

Comparison of atypical hepatocellular neoplasm
and hepatocellular carcinoma

There was no significant difference in mutations in WNT
signaling pathway, other mutations or copy number altera-
tions in atypical hepatocellular neoplasm with and without
atypia (Table 1). Similarly, WNT signaling alterations were
similar in atypical hepatocellular neoplasm and hepatocel-
lular carcinoma; TERT promoter mutations were seen only
in hepatocellular carcinoma, and copy number changes
were more common in hepatocellular carcinoma (Table 2).

Discussion

Activation of P-catenin is considered a high risk feature in
well-differentiated hepatocellular tumors which do not ful-
fill the diagnostic criteria for hepatocellular carcinoma.
Diffuse glutamine synthetase staining is commonly used as
a marker of f-catenin in these atypical hepatocellular neo-
plasms. However, all cases with diffuse glutamine synthe-
tase staining do not have CTNNBI (B-catenin) mutations.

results for each case. The bottom panel provides a summary of all
pathogenic and likely pathogenic mutations, as well as copy number
alterations for each case

Our study shows that alterations in the WNT signaling
pathway were identified in 81% of tumors with diffuse
glutamine synthetase (77% atypical hepatocellular neo-
plasms, 86% hepatocellular carcinomas). CTNNBI exon 3
mutations/deletions accounted for the majority (70%) of
cases, while CTNNBI exon 7 and other WNT pathway
components (APC, AXINI) were involved in 11% of cases.
If the analysis had focused only on CTNNBI exon 3, these
additional 11% of cases would have been missed. Diffuse
glutamine synthetase staining has previously been reported
with APC and AXIN mutations in hepatocellular carcinoma
[34]. One hepatocellular carcinoma in our series showed
both AXINI and exon 7 CTNNBI mutation, and another
hepatocellular carcinoma had an exon 7 CTNNBI mutation
as the only WNT pathway alteration. CTNNBI exon 7
mutations do not typically lead to diffuse glutamine syn-
thetase staining[4], and are thus thought to be associated
with weak activation of p-catenin and lower risk of hepa-
tocellular carcinoma; however, two hepatocellular carcino-
mas in our study had exon 7 mutations, and exon 7/8
mutations have been noted in 5% of hepatocellular carci-
nomas in one study [1].

The molecular basis for diffuse glutamine synthetase
could not be determined in 19% of our cases (3 atypical
hepatocellular neoplasms with atypia, 2 hepatocellular car-
cinomas). Although perfect correlation between diffuse

SPRINGER NATURE
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Table 1 Comparison of genomic
changes in atypical
hepatocellular neoplasms with

and without atypia

Genomic changes AHN without atypia AHN with atypia p value
(n="7) (n=06)

CTNNBI mutation or in-frame deletion 6 (86) 3 (50) 0.164

Other Wnt pathway mutations 1 (14) 0 0.335

Mutations involving genes other than Wnt 3 (43) 3 (50) 0.797

pathway

Copy number alterations 1(14) 3 (50) 0.164

Figures in parenthesis reflect percentages

AHN atypical hepatocellular neoplasm

Table 2 Comparison of genomic changes in atypical hepatocellular
neoplasms and hepatocellular carcinomas

Genomic changes AHN HCC p value
(n=13) (n=14)

CTNNBI mutation or in-frame 9 (69) 12 (86) 0.303

deletion

Other Wnt pathway mutations 1 (8) 1(7) 0.957

Mutations involving genes 6 (46) 7 (50) 0.842

other than Wnt pathway

TERT promoter mutation 0 321 0.077

Copy number alterations 4 (31) 9 (64) 0.082

Figures in parenthesis reflect percentages

AHN atypical hepatocellular neoplasm, HCC hepatocellular carcinoma

glutamine synthetase and CTNNBI has been described in
some studies [1], this lack of correlation has been noted in
other studies in both atypical hepatocellular neoplasms and
hepatocellular carcinomas [3, 15-17, 19]. Diffuse glutamine
synthetase staining has been observed in 60—70% of hepa-
tocellular carcinomas in the literature, while p-catenin
mutations occur in only 15-35% of hepatocellular carci-
nomas [19]. In a prior study, we found a 75% correlation
between diffuse glutamine synthetase staining and CTNNBI
mutations in atypical hepatocellular neoplasms [3]; how-
ever, other WNT signaling pathway genes were not exam-
ined and some cases with CTNNBI exon 3 large deletions
may have been missed as Sanger sequencing from paraffin-
embedded tissue was used in that study. It is possible that
the WNT signaling pathway is activated in these cases
through other mechanisms that were not examined by our
assay. Diffuse glutamine synthetase staining has also been
postulated to occur through other mechanisms such as
alterations in blood flow, oxygenation, nutritional status,
cholestasis, and fibrosis/cirrhosis [35-37]. Expansion of
glutamine synthetase staining (map-like pattern) occurs in
focal nodular hyperplasia without mutations in CTNNBI or
other WNT signaling genes [14, 38]. Occasional cirrhotic
nodules can show diffuse glutamine synthetase staining
without clear evidence of P-catenin activation (personal
observation). It is not known if any of these mechanisms
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can explain the diffuse glutamine synthetase staining in
atypical hepatocellular neoplasm cases.

It is intriguing that 3 atypical hepatocellular neoplasms
(including 2 from the same patient) and 1 hepatocellular
carcinoma in our series showed diffuse glutamine synthe-
tase (heterogeneous in 3, homogeneous in 1) without
genetic alterations in the WNT signaling pathway, but
harbored HNFIA mutations. The presence of simultaneous
CTNNBI and HNF 1A mutations in the same tumor has been
postulated to explain this phenomenon [3, 39]. However,
none of the 4 tumors in our study with HNFIA mutations
and diffuse glutamine synthetase had CTNNBI mutations,
and the mechanism of diffuse glutamine synthetase in these
cases remains elusive. Loss of liver fatty acid-binding
protein has been reported in hepatocellular carcinoma but
neither mutation analysis nor staining glutamine synthetase
was examined in these cases [40].

Diffuse homogenous glutamine synthetase staining
(290% of tumor cells) is thought to result from strong p-
catenin activation, often due to large deletions, point
mutations in the P-TrCP binding domain (D32-S37) and
T41 mutation in exon 3 of the CTNNBI gene [4]. Diffuse
heterogeneous glutamine synthetase staining (250% but
<90% of tumor cells) indicates relatively weaker p-catenin
activation, often as a result of S45 mutations in exon 3
CTNNBI, while exon 7 and 8 mutations lead to even
weaker activation with patchy and not diffuse glutamine
synthetase staining [3, 4]. We have earlier pointed out that
the correlation of glutamine synthetase patterns and
CTNNBI mutations are not perfect [3, 41]. Our results show
that exon 3 deletions, D32-S37, and T41 mutations lead to
diffuse homogeneous pattern, but this can also be seen with
S45 mutation, while diffuse heterogeneous pattern can be
observed with exon 7 mutations. The presence of CTNNBI
exon 7 mutation in 2 hepatocellular carcinomas and their
association with diffuse heterogeneous glutamine synthe-
tase suggests that these mutations may not be benign as
earlier suggested [3, 4], even though the risk may be lower
compared to CTNNBI exon 3 mutation. This is further
supported by CTNNBI exon7/8 mutations occurring in 5%
of hepatocellular carcinomas in a large series [4, 41].
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In this study, atypical hepatocellular neoplasms were
divided into two categories based on presence or absence of
cytoarchitectural features. The pathogenic mutations and
cytogenetic abnormalities in these categories were similar. We
also observed overlap of mutations and copy number changes
in atypical hepatocellular neoplasms and hepatocellular car-
cinomas, emphasizing the close relationship of these tumors.
Mutations such as 7P53 and TSCI that have been well
described in hepatocellular carcinoma were observed in aty-
pical hepatocellular neoplasms [42]. Copy number changes in
atypical hepatocellular neoplasms included 8q gain, 8p loss,
chromosome 17 gain, 17p loss, and 12p loss. These changes,
especially those involving chromosome 8, are common in
hepatocellular carcinoma, including well-differentiated cases
[2, 8, 9, 43, 44]. There were differences in atypical hepato-
cellular neoplasms and hepatocellular carcinomas as well
indicating a more progressed nature of the latter. These
changes included more frequent copy number alterations in
well-differentiated hepatocellular carcinomas (64 vs. 31%),
and mutations involving TERT promoter and /DH] that were
observed exclusively in hepatocellular carcinoma. TERT
promoter mutation has been observed in 17% of borderline
lesions compared to 54% of hepatocellular carcinomas [45].
The differences in definitions of borderline lesions in this
study and atypical hepatocellular neoplasms in our study is
likely responsible for the reported 17% TERT promoter rate in
borderline lesions compared to none of atypical hepatocellular
neoplasm cases in our series. /[DH] mutation is characteristic
of intrahepatic cholangiocarcinoma [46, 47], but has been
reported in hepatocellular carcinoma [45]. The comparison of
atypical hepatocellular neoplasms and hepatocellular carci-
nomas in this study is based on a limited number of cases, but
the results are somewhat similar to our earlier study using
fluorescence in situ hybridization as well as the study from the
French group [2, 45]. Similar comparison in larger studies is
necessary to corroborate these findings.

In conclusion, this study shows that CTNNBI exon 3
deletion/mutation accounts for the diffuse glutamine syn-
thetase staining in well-differentiated hepatocellular neo-
plasms in ~70% of cases, while mutation in other exons of
CTNNBI and other WNT signaling alterations is observed in
approximately 11% of cases. If sequencing assays are used to
evaluate for B-catenin activation in tumors with indeterminate
glutamine synthetase staining, exons 7/8 and other WNT
signaling components like APC and AXIN should be exam-
ined in addition to exon 3 of CTNNBI. The mechanism of
diffuse glutamine synthetase remained elusive in nearly one-
fifth of atypical hepatocellular neoplasm/ hepatocellular car-
cinoma; it is not clear whether diffuse glutamine synthetase is
a high risk feature in such cases. The similarity of atypical
hepatocellular neoplasm with and without atypia in terms of
WNT signaling activation, other pathogenic mutations and
cytogenetic changes supports the proposal that p-catenin-

activated tumors should not be designated as hepatocellular
adenoma, but placed in a new ‘atypical’ category irrespective
of morphology. Additional pathogenic alterations like
mutations in TERT promoter/IDHI/CDKN2A and cytoge-
netic abnormalities in this setting strongly favor the diagnosis
of hepatocellular carcinoma. Clinical assays combining WNT
pathway mutations (CTNNBI, APC, AXIN), TERT promoter
mutation and cytogenetic assays for selected gains/losses can
be helpful in diagnosis and risk stratification of hepatocellular
tumors in challenging settings when morphology and gluta-
mine synthetase immunohistochemistry do not provide a
definite diagnosis.
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