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Introduction
Odontogenic myxoma (OM) is an uncommon neoplasm
that affects the mandible or the maxilla and rarely occurs in
other bones. It was first recognized in 1947 [1] with an annual
incidence of 0.07 per million [2], likely derived from ectomesenchyme of the tooth germ. It commonly occurs in the 20-40s
years of life with a wide age distribution from 3 months to 80
years and slightly female to male predominance with a ratio
of 1.36:1 [3]. It is defined as an intraosseous benign but locally aggressive tumor, characterized by stellate and spindle
-shaped cells dispersed in an abundant myxoid extracellular
matrix [4], often being recurrent and bone destructive. However, due to the lack of in-depth genetic studies, it is unclear
whether the recurrence and destruction are caused by malignant transformation or the expansive growing nature of
the tumor itself. Some studies show that the local invasion
may be related to increased expression of antiapoptotic protein Bcl2 and/or secretion of matrix metalloproteinases [5-7].
However, it is not clear whether malignancy also plays a role
in local invasion. To address this concern, we studied longitudinally a series of tissue samples taken over a period of seven months from an OM patient by in-depth pathologic and
next-generation sequencing analyses.
In recent comprehensive genetic studies on six different types of cancers [8,9], we identified that there were
two opposite types of single nucleotide variations (SNVs) in
both tumors and surrounding non-tumor tissues: One was
gain-of-heterozygosity (GOH) type of mutation, in which a
homozygous site was converted to a heterozygous site; another one was loss-of-heterozygosity (LOH) type of mutation,
in which a heterozygous site was converted to a homozygous
one. The LOH mutation is likely due to impaired DNA-damage response in form of double strand break repair by gene
conversion [8]. GOHs and LOHs of single nucleotide were
frequently found in tumors and adjacent non-tumor tissues
[9]. Noticeably, these two types of SNVs were in mutually re-

versed status. If a forward mutation was GOH in a non-tumor tissue, then, the reverse mutations would be LOH in the
neighboring tumor tissue; on the contrary, if a forward mutation was LOH in a non-tumor tissue, the reverse mutation
would likely be GOH in the neighboring tumor tissue. Remarkably, more than half of the forward GOHs and LOHs occurring
in non-tumor tissues would be reversed by the opposite LOHs
and GOHs in malignant tumors. With these findings as a reference, we decided to see whether similar forward and reverse
mutations occurred in this OM case that may substantiate a
malignant transformation.

Materials and Methods
Case description
An 82-year-old Chinese male nonsmoker who had left
maxillary pain and swelling started in 2016. He had occasionally bloodstained purulent discharge from the left side of the
nose. Examination showed a hard palate bulging over the upper alveolar ridge with loosened left upper molar tooth that
was badly eroded. The CT scan showed an expansile growth
of soft tissue mass in the left maxillary sinus. Biopses were
performed. The first one was done on July 18, 2016, which
showed only granulation tissue. The 2nd and 3rd biopsies were
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tively, both of which displayed pauci cellularity of small spindle cells with tapering nuclei in a background of loose myxoid
stroma. There were no mitotic figures or nuclear atypia. The
tumor showed positive Alcian blue staining and Mib1 proliferation index was less than 5%. The diagnosis of OM was
rendered. In view of clinical unusual growth, the fourth biopsy was done in early January, 2017, which showed markedly increased cellularity and mitotic figures with plumped
spindle or stellate-shaped cells forming fascicles. The nuclei
were pleomorphic and hyperchromatic. There was occasional
cytoplasmic vacuoles. Proliferation index reached approximately 60%, which was highly indicative of malignant transformation, therefore, the tumor was surgically removed on
January 27, 2017. The diagnosis of odontogenic myxoma with
sarcomatous transformation was rendered. Postsurgical adjuvant radiotherapy was offered, but refused by the patient.
Eight months later, in September, 2017, local recurrence was
noted and radical maxillectomy was recommended, still he
refused the procedure and the patient demised in May 2018.
The biopsy specimens except first one and the surgical tumor
tissue are used for genetic studies. The patient’s white-bloodcell DNAs are used as the germline control.

Histopathological staining
Hematoxylin-eosin (HE), and Alcian blue histological staining of tumour sections were performed routinely in the pathology laboratory. Peripheral blood was collected from the
patient with written consent. Previously recut unstained biopsy slides and portions of surgically removed tumor tissue

were used for sequencing analysis.

Immunohistochemistry (IHC)
Surgically removed specimen was formalin fixed paraffin
embedded and sectioned into 2 um unstained slides. Standard Polymeric Methods are utilized including antigen retrieval for following antibodies against vimentin (Dako), neuron specific enolase, Bcl2, AE1/3, MNF116 (Dako), SMA( IHC
World), GFAP, S100, desmin, melanin A, CD34, ALK1 and
CD117. OptiView DAB IHC detection kit was used for target
detection with all slides stained on the VENTANA automated
slide strainers and visualized by light microscopy with appropriate controls. All antibodies were products of Roche Tissue
Diagnostics except a few listed above in parenthesis.

AluScan sequencing
An Alu element is about 300 base pairs, short interspersed nuclear elements (SINEs), characterized by the action of the Arthrobacter luteus (Alu) restriction endonuclease. There are over one million copies dispersed throughout
the human genome. This abundance well positioned them
to facilitate genome-wide sequence amplification. We used
inter-Alu PCR with an enhanced range of amplicons in conjunction with next-generation sequencing to generate an
Alu-anchored scan, or 'AluScan', of DNA sequences between
Alu transposons, where Alu consensus sequence-based
'H-type' PCR primers that elongate outward from the head
of an Alu element are combined with 'T-type' primers that
elongate from the poly-A containing tail to achieve huge
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Figures 1: A-D) Different planes of CT images display a 5.3 × 5.3 cm in maximum dimension of round mass in the left maxilla.
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amplicon range. AluScan sequencing platform was used to
detect genetic alterations in the patient’s tumor tissue and
peripheral blood. DNA extraction and AluScan sequencing
library preparation were performed as described previously
[10]. Genomic regions flanked by Alu repetitive sequences
were obtained by means of inter-Alu PCR as described [10].
Both Head-type and Tail-type Alu consensus-based primers
were used to ensure capture of a vast number of inter-Alu
amplicons. In brief, a 25-μl PCR reaction mix containing 2 μl
Bioline 10x NH4 buffer (160 mM ammonium sulfate, 670 mM
Tris-HCl, pH 8.8, 0.1% stabilizer; www.bioline.com), 3 mM
MgCl2, 0.15 mM dNTP mix, 1 unit Taq polymerase, and 0.1
μg DNA sample were prepared, and 0.075 μM each of the
these were pipetted for PCR amplification. Alu consensus sequence-based PCR primers are listed as below: AluY278T18
(5’-GAGCGAGACTCCGTCTCA-3’); AluY66H21 (5’-GTCTCGATCTCCTGACCTC-3’); R12A/267 (5’-AGCGAGACTCCG-3’);
L12A/8 (5’-TGAGCCACCGCG-3’). PCR was started at 95 °C 5
min for DNA denaturation, followed by 30 cycles, each of 30 s
at 95 °C, 30 s at 50 °C, and 5 min at 72 °C, plus another final 7

min at 72 °C. Amplicons were purified with ethanol precipitation, sequenced on the Illumina HiSeq 2000 platform (San Diego, California, US) at Beijing Genomics Institute (Shenzhen,
China) and mapped to the hg19 reference human genome
for downstream bioinformatic analysis.

Gene network analysis
Network analysis was performed using the GeneMANIA
Cytoscape plugin [11] software. A set of genes harboring
non-synonymous mutations in the patient’s germline genome were used as a query, and the gene functional association network was predicted accordingly. These functionally associated genes were further analyzed by the Reactome
pathway database [12] software to identify the significantly
enriched pathways.

Results
Description of radiology imaging findings
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Figures 2: A-F) Histopathological images of the tumor demonstrated well demarcated areas of pauci-cellularity and hypercellularity (A),
10x; (B) high power of spindle cell morphology, HE 20x (C,D); nuclear hyperchromasia with cytoplasmic vacuolization and pleomorphism
with frequent aberrant mitoses, yellow arrows pointed a few, HE 40x; (E) Tumor infiltrated into trabecular bone showing destruction,
HE 20x; (F) Positive Alcian blue staining of myxoid matrix of the tumor on 2nd biopsy specimen, 10x;
Hu et al. J Clin Surg Pathol 2019, 2(1):7-15
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CT scan (Figure 1) demonstrated 5.3 × 5.3 cm mass in the
left maxillary sinus with associated bony destruction, including inferior left orbital wall erosion, partially destruction of
anterior maxillary wall, involvement of nasion, nasolacrimal
duct, nasal cavity, choana, and ethmoidal sinus, pterygopalatine fossae, sphenopalatine foramen, alveolar process of
maxilla, left side hard palate and the caudal part of the left inferior orbital fissure. The posterior wall of left maxilla appears
intact. The pterygomaxillary fissure, rotundum, parapharyngeal fat spaces, and pterygoid muscles were spared.

Histopathological features of the tumor
The tumor sections showed great variation in cellularity from low cellular to high cellular as displayed in Figure 2.
There is sharp delineation between pauci cellular and hypercellular readily appreciated in Figure 2A, and Figure 2B
showed predominant spindly tumor cell morphology. There
were marked nuclear pleomorphism, hyperchromasia and
frequent aberrant mitoses (pointed by arrows) as well as
cytoplasmic vacuolization of the tumor cell as illustrated in
Figure 2C and Figure 2D. Extensive fibrinoid necrosis and
geographic hyalinization were also noted; the tumor cells
infiltrated into the surrounding bony trabeculae, resulting in
destruction and remodeling as demonstrated in Figure 2E;
Figure 2F was Alcian blue staining on 2nd biopsy showing extracellular matrix stained positive for its abundant acid and
neutral mucopolysaccharides, and this section showed pauci
cellularity in myxoid stroma of benign odontogenic myxoma
without atypia or mitoses.

IHC findings
IHC stains of the tumor were strongly positive for vi-

a

Vimentin

mentin, NSE, and Bcl2 and negative for AE1/3, MNF116,
SMA, GFAP, S100, desmin, melanin A, CD34, ALK1 and CD117.
A few mast cells are stained positive for CD117. Ki67 IHC stain
showed a proliferation index approaching approximately
60%, which was similar to that of 4th biopsy specimen. Positive IHC staining for vimentin, Bcl2, NSE and Ki67 labeling
were displayed as Figure 3 and all negative IHC stains were
not shown.

Forward and reverse somatic mutations in benign and malignant tissues
Four tissue specimens were analyzed for somatic SNVs.
These included one sample each from the time-adjacent 2nd
and 3rd biopsies designated as T1 and T2, as well as two pieces of tissue samples from different locations in the surgically resected tumor designated as T3a and T3b. The patient’s
white-blood-cell genomic DNA sample was designated as B
and used as the germline control in next-generation sequencing analyses. Any base position in the tissue sample different
from the blood control in genotype was considered as a somatic mutation in form of either GOH or LOH type of SNV. In
comparison of T1, T2, T3a and T3b samples with B sample,
forward mutations were identified if the genotypes in tumor
tissue samples were different from the B sample, and reverse
mutations were identified if the genotypes in T3a and T3b
samples changed back to the genotypes in B sample. For instance, genotype 0/0 (blue rectangles in Figure 4) in blood
changed to genotype 0/1 (orange rectangles in Figure 4) in a
tumor sample was referred as forward GOH.
As illustrated in Figure 4, three different patterns of somatic mutational changes were observed when time serial
tumor samples were compared with blood sample for gen-
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Figures 3: A-D) IHC stain for vimentin is diffusely strong positive, 20X (A); (B) Bcl2 positivity, 10x; (C) NSE diffusely positive, 20X and (D)
Ki67 IHC stain showed highly proliferative tumor growth with labeling index approaching about 60%, 20X.
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Pattern 1:
Forward and reverse mutations

Pattern 2:
Forward mutations in benign tissues

Benign Malignant
chr1, 23567552
chr2, 221687769
chr3, 49473056
chr3, 182691659
chr4, 66952445
chr4, 66952456
chr4, 66952498
chr7, 148653037
chr8, 42268274
chr10, 104563756
chr11, 65791734
chr12, 6241468
chr12, 10362270
chr12, 10362317
chr12, 10362403
chr12, 10362471
chr14, 53260810
chr14, 104060084
chr15, 64695344
chr17, 18264802
chr17, 29117854
chr17, 30268532
chr17, 46738522
chr17, 46738534
chr19, 14437808
chr19, 15413598
chr20, 346737
chr1, 44614117
chr1, 218725774
chr2, 61657062
chr2, 208705811
chr3, 44802185
chr3, 44802190
chr3, 196672509
chr4, 76805045
chr5, 126339153
chr5, 138591153
chr5, 162439702
chr5, 166422594
chr6, 15206377
chr6, 28880172
chr6, 53052761
chr7, 99653537
chr7, 99653543
chr7, 115077768
chr8, 144216051
chr9, 36587565
chr9, 36587589
chr10, 12895287
chr10, 88685993
chr11, 47552815
chr12, 54014112
chr17, 1694045
chr17, 10522308
chr17, 29118511
chr17, 34112895
chr17, 72034197
chr17, 72034206
chr19, 553359
chr19, 553369
chr19, 553381
chr19, 553382
chr19, 4469367
chr19, 9184173
chr19, 13036725
chr19, 49006551
chr19, 49006559
chr20, 34325851
chr22, 29148075
chr22, 50824242
chrX, 63769690
chrX, 63769774
chr1, 235591345

B

T1 T2

Benign Malignant

T3a T3b

DCUN1D1
lincRNA
lincRNA
lincRNA
WBP1L
CATSPER1

lincRNA
KLC1
TRIP4
SHMT1
SUZ12
lincRNA
BRD4

USP34
PLEKHM3
KIAA1143
KIAA1143
PPEF2
MARCH3
SIL1

TRIM27
ZSCAN21
ZSCAN21
MELK
MELK
BMPR1A
CELF1
SMYD4
CRLF3
MMP28

chr9, 19044911
chr10, 104563808
chr11, 46708196
chr14, 34808400
chr21, 11132376

T1 T2

T 3a T3b
WBP1L
ARHGAP1
EGLN3

Pattern 3:
Forward mutations in malignant tissues
Benign Malignant
chr2, 27906841
chr3, 15048571
chr9, 131523187
chr11, 122545368
chr1, 15809533
chr1, 15809552
chr1, 85707497
chr1, 156484243
chr1, 220961862
chr2, 27627487
chr2, 130319213
chr2, 130319243
chr2, 130319322
chr2, 130936983
chr3, 101491407
chr3, 101491412
chr5, 29653450
chr6, 134160082
chr6, 159112979
chr6, 159113052
chr7, 57655672
chr8, 104077931
chr9, 131878262
chr10, 22104996
chr10, 127549786
chr11, 73444098
chr11, 73444107
chr11, 73444113
chr12, 51826241
chr12, 122918263
chr12, 123816339
chr13, 21058522
chr13, 77366370
chr14, 28204715
chr16, 67844876
chr16, 87917038
chr17, 1694044
chr17, 18766778
chr17, 54281969
chr17, 60307441
chr17, 60307464
chr17, 60307768
chr19, 3928949
chr21, 34744902
chr21, 34744955
chr22, 41846500
chr22, 46874715
chr22, 46874992

lincRNA
FARSA
LMTK3
LMTK3
RBM39
HSCB
PPP6R2

B

B

T1 T2

T 3 a T3b

SLC4A1AP
NR2C2
ZER1
UBASH3B
CELA2B
CELA2B
MARC1
PPM1G

SMPD4

SYTL3
SYTL3
ATP6V1C1
PPP2R4
DNAJC1
DHX32
RAB6A
RAB6A
RAB6A
SLC4A8
SBNO1
CRYL1
TSNAXIP1
SMYD4
PRPSAP2
ANKFN1

CELSR1
CELSR1

Pattern 1

Patterns 2 & 3

Genotype
0/0
0/1

Fo rward
and
reve rs e
58%

Fo rward
only
42%

Figure 4: Forward and reverse somatic mutations detected in benign and malignant OM tumors.
For the five columns from left to right: B stands for white-blood-cell, T1 stands for benign tissue from the 2nd biopsy, T2 stands for benign
tissue from the 3rd biopsy, and T3a and T3b stands for two malignant tissues obtained from separate parts of the surgically removed
tumor tissue. In comparison of patient’s white-blood-cell DNA sample with benign and malignant components of the tumor, three
patterns of somatic SNVs were detected and grouped by three boxes. In each box, the blue and orange rectangles indicated 0/0 and 0/1
genotypes respectively, and the chromosomal locations and gene names were written on the left and right side respectively. A total of
126 mutations were found in this comparison, among which 73 (58%) were forward and reverse mutations. The remaining 53 (42%) were
forward mutations, 5 of them occurred in the benign tumor, and 48 of them occurred in the malignant tumor.
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FBXO11
CCDC9

STX18

EHMT1

TRAF3IP1

TRAF5 ZNF160
UQCC1

TARBP1

GAPVD1

NISCH

R3HCC1

MFSD13A
LRRFIP1

MEF2A

PPFIA3

MDC1 MINK1

FNBP1
DHX35

WDR24

ELF2

SUN1

BMPER

EFL1
QRSL1

ZNF429

SLTM

GPR174

GAL3ST4
SIGLEC5

MAST1

FOXJ2
ACP2
IGF2R

CA11
LGALS8

VWF

GDF3

B3GAT1

GDF5

SEMA3E

VRTN

CFAP70
DENND2A

TUBA8

ZSCAN2

CPAMD8

Figure 5: Undirected co-expression network of genes with mutations in the germline genome.
Each node represents a gene and each edge represents the presence and strength of the co-expression relationship. Black nodes with
black texts represent genes harboring missense mutations, the three black nodes with red texts represent genes harboring nonsense
mutations, and the grey nodes represent a number of additional genes predicted to be related. The width of each edge represents
the strength of the correlation, with wider edge meaning stronger correlation, as previously described [9]. The significantly enriched
pathway for the genes in this figure is LRRFIP1 activating type I interferon production pathway (red circled node).

otypes at the same base positions. Pattern 1 was forward
and reverse mutations. This pattern of mutation accounted
for 58% of all somatic mutations. Most of these mutations
were forward GOH (genotype 0/0 in blood changed to genotype 0/1 in benign tumor) followed by reverse LOH (genotype
0/1 in benign tissue changed to genotype 0/0 in malignant
tumor); Pattern 2 was forward mutations observed in benign
tumor, with all five being forward LOH mutations (genotype
0/1 in blood changed to genotype 0/0 in benign portion of
the tumor), and the genotype remained the same in malignant tumor; pattern 3 was forward mutations observed in
malignant tumor, which occurred only in tissue from benign
to malignant transformation. The 2nd and 3rd patterns were
similar in that both of them were forward mutations without
reversals, and they jointly accounted for 42% of all somatic
mutations. Notably, 62% somatic mutations were occurred
in benign tumor. Also, T3a and T3b samples obtained from
separate parts of the surgically removed tumor tissue were
different in 38% of mutation sites (Pattern 3).

Germline mutations enriched in LRRFIP1 pathway
Hu et al. J Clin Surg Pathol 2019, 2(1):7-15

In order to determine the possible genetic predispositions of OM, germline mutations were identified from the
patient’s white-blood-cell genomic DNA sample. In the patient’s white-blood-cell genome, a total of 47 non-synonymous SNVs in 41 genes have been detected, among which
there were three nonsense mutations occurred in three
genes, LRRFIP1, CA11 and TUBA8. And the remainders
were missense mutations. The mutation data were summarized in Table 1. Non-synonymous germline mutations
detected in the patient’s peripheral blood.
These 41 mutated genes were further analyzed using
the GeneMANIA software to see if they were functionally
correlated. All the genes that displayed non-synonymous
mutations in the germline genome were imported to GeneMANIA for network analysis to determine whether these
genes were reported to be functionally related in literatures. For example, the LRRFIP1 and ZNF160 were reported
to show co-expression pattern by Smirnov, et al. [13]. In
this way, we had identified that 28 out of the 41 genes
were found previously to be co-expressed. The co-expression network of these genes was illustrated in Figure 5. The
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Table 1: Mutation data summary: Non-synonymous germline mutations detected in the patient’s peripheral blood.
rs ID

Variation

Type

Gene

Exon

Amino acids

PolyPhen

rs41302744

1_45962137_T/C

missense

CCDC163P

4/4

T>A

benign (0.398)

rs2275654

1_234529446_T/C

missense

TARBP1

27/30

I>V

benign (0)

rs1126407

1_236700807_T/A

missense

LGALS8

3/7

F>Y

benign (0.003)

rs1041935

1_236700857_C/T

missense

LGALS8

3/7

R>C

benign (0.057)

rs1056104

2_39008949_G/A

missense

GEMIN6

3/3

G>D

benign (0.045)

-

2_238617235_G/T

stop gained

LRRFIP1

2/10

E>*

-

rs12464423

2_239237953_G/T

missense

TRAF3IP1

5/17

K>N

benign (0.048)

rs9856575

3_52510592_G/A

missense

NISCH

8/21

V>I

benign (0)

rs62623564

4_140058849_A/T

missense

ELF2

2/9

S>T

probably damaging (0.953)

rs1805075

6_160505207_A/G

missense

IGF2R

40/48

N>S

benign (0.001)

rs74742245

7_889169_A/G

missense

SUN1

2/15

Y>C

benign (0.007)

rs2243620

7_6713985_A/G

missense

AC073343.1

4/11

H>R

benign (0.006)

-

7_34097735_G/C

missense

BMPER

11/16

C>S

probably damaging (0.993)

-

7_34097740_A/T

missense

BMPER

11/16

N>Y

benign (0.049)

rs3823646

7_99757612_G/A

missense

GAL3ST4

4/4

A>V

benign (0.019)

rs2293177

7_140244560_C/T

missense

DENND2A

13/19

E>K

benign (0.2)

rs7026705

9_107331504_C/A

missense

OR13C8

1/1

A>D

benign (0.003)

rs568409

9_128072273_G/C

missense

GAPVD1

5/16

V>L

benign (0)

rs1023000

9_132662786_C/T

missense

FNBP1

14/16

S>N

benign (0.003)

-

9_140706025_C/T

missense

EHMT1

19/27

P>L

probably damaging (0.998)

rs4294502

10_75035257_T/C

missense

TTC18

23/28

N>D

benign (0)

rs2167079

11_47270255_C/T

missense

ACP2

1/11

R>Q

benign (0)

-

11_60531335_G/T

missense

MS4A15

2/7

E>D

probably damaging (0.97)

rs759828490

11_72466583_C/T

missense

STARD10

2/2

G>R

unknown (0)

rs12819884

12_7842932_C/T

missense

GDF3

2/2

G>R

benign (0.007)

-

14_29261309_A/C

missense

C14orf23

3/3

K>Q

possibly damaging (0.895)

rs1128431

15_82456227_T/C

missense

EFTUD1

16/20

I>V

possibly damaging (0.464)

rs4984682

16_740404_C/G

missense

WDR24

1/13

R>T

benign (0.234)

rs6420424

16_81242102_G/A

missense

PKD1L2

4/18

R>W

benign (0.003)

rs6564838

16_81242194_T/C

missense

PKD1L2

4/18

E>G

benign (0)

rs11655342

17_4356375_G/T

missense

SPNS3

7/11

A>S

benign (0.009)

rs774576212

17_4790993_C/G

missense

MINK1

12/32

Q>E

benign (0.01)

-

17_4791002_C/T

missense

MINK1

12/32

P>S

benign (0.005)

rs16522

17_37316988_T/C

missense

ARL5C

5/6

Q>R

benign (0.003)

rs141381244

17_67500696_A/G

start lost

MAP2K6

2/7

M>V

benign (0)

rs17001244

19_11340057_A/G

missense

DOCK6

4/5

C>R

benign (0)

-

19_12981961_C/G

missense

MAST1

24/26

P>A

benign (0.028)

rs812847

19_16855265_A/G

missense

NWD1

3/17

I>V

benign (0)

rs56408444

19_17017878_G/A

missense

CPAMD8

30/42

A>V

benign (0.007)

rs2562473

19_21720803_C/T

missense

ZNF429

4/4

H>Y

benign (0.145)

rs2032811

19_47768128_G/C

missense

CCDC9

7/12

E>D

benign (0)

rs3848543

19_49141532_T/C

stop lost

CA11

3/4

*>W

-

rs8105668

19_53577419_G/C

missense

ZNF160

6/7

P>R

benign (0)

rs4911494

20_33971914_C/T

missense

UQCC1

3/9

R>Q

benign (0)
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rs1465384

22_18628499_G/T

missense

TUBA8

3/3

A>S

unknown (0)

rs5747493

22_18628632_C/T

missense

TUBA8

3/3

T>I

unknown (0)

rs361534

22_18628715_C/T

stop gained

TUBA8

3/3

R>

-

*

Abbreviations: from left column to right: rs ID: A reference number for single nucleotide polymorphisms; Variations are in the order of
chromosome_position_reference allele/mutated allele; A = Adenine; G = Guanine; T = Thymine, and C = Cytosine; Gene: reference gene
name [25]; Amino acids: A = Alanine; C = Cysteine; D = Aspartic acid; E = Glutamic acid; F = Phenylalanine; G = Glycine; H = Histidine; I =
Isoleucine; K = Lysine; L = Leucine; M = Methionine; N = Asparagine; P = Proline; Q = Glutamine; R = Arginine; S = Serine; T = Threonine; V =
Valine; W = Tryptophan; Y = Tyrosine; * = stop codon; - = not applicable; PolyPhen: Polymorphism Phenotyping [26].

28 co-expressed genes were analyzed with the Reactome
pathway database [12], and the results showed that only
LRRFIP1 activating type I interferon production pathway
was enriched (Stable Identifier: R-HSA-3134973). LRRFIP1
is a cytosolic nucleic acid sensor gene, reported to be upregulated in breast cancer [14] and Burkitt lymphoma [15].
It also promotes colorectal cancer metastasis and liver invasion through integrin-dependent RhoA activation [16].

Discussion
The precise nature of OM is not entirely clear, especially
its molecular pathogenesis. Local invasion can be seen in both
benign and malignant OM cases, but distant metastasis has
not been detected even in malignant one. The tumor growth
is relatively slow, especially in benign ones. There are no specific IHC markers for OM, however, based on literature and
our IHC results, OM is essentially all positive for vimentin and
negative for keratin, desmin, GFAP, and S100 [17,18]. As for
NSE, our result showed strong positivity in contrary to most
negative reports, which were based on staining of benign
OM. NSE has been shown to be positive in a wide range of
mesenchymal and epithelial malignancies due to its heterodimers cross reaction. The sarcomatous transformation of OM
in this patient may attribute its NSE IHC characteristics that
not seen in benign OM. Bcl2, an anti-apoptotic protein has
low expression in benign counterparts; its high expression in
our case indicate that Bcl2 by preventing deliberate cell death
has facilitated the tumor development. Very strikingly, proliferation index has increased from < 5% in benign component,
which in line with literature reports [19-21], to close to 60%
in sarcomatous component.
Apparently, OM with sarcomatous transformation is a
rare phenomenon, few in literature reported. The first molecular-level malignant OM diagnosis was made based on hypertetraploidy [22]. A recently published NGS study of OM [23]
failed to identify pathogenic mutations. Due to the scarcity
of genetic data, we were not clear if a malignant OM start
as a benign process and then evolved into malignancy or if it
was a malignant tumor to begin with. By sectioning the entire
surgically removed tumor in our patient, we noticed irregularly intermingled benign looking components with malignant
ones indicating that the original OM was benign in nature and
the tumor cells, through dedifferentiation transformed into
a sarcoma. Our time series genomic sequencing analysis has
confirmed this clinical observation.
In this patient, we detected a total of 47 non-synonymous germline mutations and 126 somatic mutations. The
Hu et al. J Clin Surg Pathol 2019, 2(1):7-15

47 non-synonymous germline mutations were enriched in
the LRRFIP1 activating type I interferon production pathway.
Previous studies found that type I interferon response was
involved in innate immune sensing of tumor, and the damage
to this pathway led to unfavorable clinical outcome in multiple types of cancers [24]. Since germline mutations also existed in somatic cells, the disturbance of this pathway may have
played a role in malignant transformation of the tumor in this
patient. Although the exact driver gene mutation cannot be
definitively determined, we found that the genotypic changes in this patient's benign to malignant tumor transformation
manifested similar characteristics of forward-and-reverse
mutations pattern as we observed in our previous studies [9].
Our previous and current studies revealed that forward mutation occurred in the benign component is a prerequisite for a
beginning stage of tumor development and reverse mutation
is a prerequisite for the malignant development of the tumor
[9]. It is likely that these forward mutations would increase
the probability of generating essential mutations needed by
the development of tumor cells and enabled them to further
advance toward full-fledged malignancy. On the other hand,
they could also bring out excessive mutation load that would
be a burden for the tumor’s growth. Thereby, to reduce mutation load, reverse mutations occurred in the genome of malignant tumors to render growth and survival advantages for
the malignant cells.
The necessity of mutation load reduction in benign to malignant tumor transformation was also consistent with our
previous findings by comparing N-, P- and T-stage cells [9].
The N-stage cells that were loaded with excessive forward
mutations might be relatively deficient in growth and replication vigor until they accomplish their early mutation reversal
in the P-stage and further mutation reversal in the T-stage.
This series of reciprocal mutations empowered the functionality of the tumor to fully achieve malignant characteristics.
Because the N-stage tissue contains numerous forward mutations, these tissue regions could be at premalignant or early
malignant stage despite their apparently normal cytomorphology. These N-stage forward mutations were observed to
undergo pronounced reversal in P- and T-stages, suggesting
that the forward and reverse mutations during successive
tumor development stages could be a common phenomenon, where tumor cells adopted evolution strategy to genetic
changes encountered during their stage transitions.
This OM patient is the oldest among all OM patients reported. In general, OM cases are rarely seen in people older than 50s. The mandible appears to be more frequently
affected than the maxilla. One reported malignant OM case
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which resulted in death occurred in maxilla in a patient over
50s [22]. Although there are no enough cases to substantiate
it, old age and maxillary location should caution for potential
malignant transition. To avoid sampling bias, different areas
of tumor should be thoroughly sampled.

9. Hu T, Kumar Y, Shazia I, et al. (2018) Forward-reverse mutations
in stages of cancer development. Hum Genomics 12: 40.

In conclusion, the occurrences of a wave of forward
mutations followed by their reversals were observed in
this patient in the process from benign to malignant transformation. Because tumors are driven by mutations, delineating the nature of mutations in the evolution process
into malignant cells furnishes the basis for understanding
carcinogenesis. In the present study, the analysis of time
series samples in both benign and malignant tumor components from the same patient showed a bulk of forward
mutations occurring in benign tissue were reversed in
its malignancy. The dominance of reverse somatic mutations in the benign to malignant transformation is a cellular mechanism for gaining advantages of cell survival
through regulation of the mutation load. The identification
of reverse somatic mutations provides a basis for facilitating diagnosis of malignancy. Because this is a single case
analysis, more genetic studies are needed to definitively
elucidate genomic alterations driving the malignant transformation of OM and its enigma. The similar sequencing
analysis of benign looking adjacent tissue should be performed in order to detect genomic changes when benign
to malignant tumor transition is suspected.

11. Montojo J, Zuberi K, Rodriguez H, et al. (2014) GeneMANIA:
Fast gene network construction and function prediction for
Cytoscape. F1000Res 3: 153.
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