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HIGHLIGHTS

« In cervical carcinogenesis somatic driver gene mutations occur as early as in micro-invasive pT1al SCC.

» PIK3CA driver gene mutations dominate in early invasive mutated SCC at frequencies comparable to advanced SCC.

» The growth advantage of tumor cells with driver gene mutations increases with the length of undetected tumor growth.
* Early detection of SCC at a micro-invasive stage followed by surgical removal of all tumor cells cures a patient.

« In contrast to advanced inoperable SCC, mutational status in surgically treated pT1a SCC has no prognostic value.
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Methods. Micro-dissected samples of 32 micro-invasive pT1a and 55 > pT1b SCC were evaluated by next gen-
eration sequencing of 50 cancer genes (cancer hot spot panel).

Results. At primary diagnosis, 8/32 (25%) pT1a SCC, 10/28 (36%) pT1b SCC and 15/27 (56%) pT2/3 SCC carried
somatic gene mutations. The most commonly affected gene was the PIK3CA gene in hot spot regions E545K and

’C‘zﬁf{ﬁﬁt spot panel E453K in 5/8 (62%) pT1a SCC, 7/15 (70%) pT1b SCC and 10/15 (66%) pT2/3 SCC followed by FBXW7 (n = 4), KRAS
Cervical carcinogenesis and RB1 (n = 2 each). ERBB2, APC, ATM, MLP gene mutations occurred only once. Solitary activating oncogenic
PIK3CA gene somatic mutations dominated over tumor suppressor mutation in 88% pT1a, 80% pT1b and 60% pT2/3 SCC. Con-
Somatic gene mutation comitant mutations involved typically an activating oncogenic mutation and an inactivating tumor-suppressor
C?imslgzomal copy number variations gene mutation. All patients with pT1a SCC are alive without evidence of disease after surgical treatment, indepen-
plla

dent of mutational status or lympho-vascular space invasion.

Conclusions. Activating oncogenic gene mutations, in particular in the PIK3CA gene, occur early in cervical car-
cinogenesis. Although driver gene mutations bestow tumor cells with a growth advantage, early detection and
complete removal of all cancer cells - with or without somatic gene mutations - are essential for cure. In contrast
to advanced inoperable SCC, where PIK3CA driver gene mutations carry an adverse prognosis, the mutational sta-
tus in surgically treated micro-invasive SCC is prognostically irrelevant.

© 2022 Published by Elsevier Inc.
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high-grade squamous intraepithelial lesion (HSIL) develop through
action of HPV oncogenes E6 and E7 [4] independent of somatic
gene mutations in the hot spot region of the 50 most common
cancer genes [5,6]. In contrast, numerous gene mutations are
identified in invasive cervical cancers [7-12]. Driver mutations in
the PIK3CA gene are most commonly identified and linked to an
unfavorable prognosis. These study cohorts, however, varied
greatly with respect to size and tumor stage. The number of inves-
tigated SCC ranged from as few as 5 SCC total [8], over 25 SCC [9],
36 SCC [12], 40 SCC [7], 145 SCC [10] to as many as 300 SCC [11],
and focused mostly on advanced inoperable SCC. Some studies
gave no information about tumor stages of analyzed tumors
[9,12]. Early invasive pT1a SCC were the exception with 1 or 2
cases [7,8], and other studies excluded pT1a SCC altogether from
analysis [9,11,12]. These studies provided no information about
the temporal sequence of genetic events in the progression of
micro-invasive to frankly invasive SCC. To gain better insights in
the sequential steps in cervical carcinogenesis and the prevalence
of mutations in different tumor stages, we analyzed a series of 32
pTla SCC in comparison to 28 pT1b SCC, and 27 advanced pT2/3
SCC. Special focus was placed on driver gene mutation repre-
sented in cancer hot spot panel of 50 cancer genes, in particular
the PIK3CA gene.

2. Material and methods

32 micro-invasive pT1a SCC and 55 frankly invasive SCC (28pT1b, 22
pT2, 5pT3) were identified in the archives of the Diagnostic- and Re-
search Institute of Pathology, Medical University Graz. A control group
included 85 thin and tick HSIL [6].

2.1. Mutational analysis

NGS libraries for mutational screening were prepared using the
AmpliSeq library kit 2.0 (Thermo Fisher Scientific) and the Ion
Ampliseq Cancer Hotspot Panel V2 (Cat Nr: 4475346) primer pool
covering hot spot mutations in 50 genes implicated in cancer. Se-
quencing was done on an lon GenestudiobS5XL benchtop sequencer
(Thermo Fisher Scientific) to a length of 200 base pairs and initial
data were analyzed using the Ion Torrent Suite Software Plug-ins
(Thermo Fisher Scientific, open source, GPL, https://github.com/
iontorrent/). Briefly, this included base calling, alignment to the refer-
ence genome (HG19) using the TMAP mapper and variant calling by a
modified diBayes approach taking into account the flow space infor-
mation. The following genes were analyzed: ABL1, AKT1, ALK, APC,
ATM, BRAF, CDH1, CDKN2A, CSF1R, CTNNB1, EGFR, ERBB2, ERBB4,
EZH2, FBXW7, FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAQ, GNAS,
HNF1A, HRAS, IDH1, IDH2, JAK2, JAK3, KDR, KIT, KRAS, MET, MLH1,
MPL, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN, PTPN11, RB1, RET,
SMAD4, SMARCB1, SMO, SRC, STK11, TP53, VHL. Proper PCR Amplifica-
tion of all amplicons and even distribution of NGS reads was docu-
mented in coverage analysis and plots of each sample. Called
variants were annotated using open source software ANNOVA [13]
and SnpEff [14]. All coding, nonsynonymous mutations were further
evaluated and visually inspected in IGV (http://www.broadinstitute.
org/igv/) and variant calls resulting from technical read errors or se-
quence effects were excluded from the analysis.

Chromosomal copy number variations were determined by low
density whole genome sequencing. Library preparation was performed
using the NEBNext® Fast DNA Library Prep Set for Ion Torrent (New En-
gland Biolabs) from 50 ng DNA according to manufactureres recom-
mendations, and sequencing was done on Ion Torrent S5XL to a depth
of approximately 5 million reads per sample. Sequence data was aligned
to the reference genome (hg19) and copy number variations were
called using the bioconductor package CNAnorm [15]. IRB approval
was obtained (31-049 ex 18/19).
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3. Results
3.1. Micro-invasive pT1a SCC

Median age of the 32 patients was 39 years (range 23-58 years; 28
pT1al and 4 pT1a2 SCC; 4/32 with lympho-vascular space invasion
(LVSI)). All but one SCC were induced by HPV-high risk (17 HPV16; 3
HPV16 & others; 3 HPV18; 2 HPV 33; 2 “other” HR-HPV; one each
HPV31; HPV58; HPV16 and 18; HPV16 and 59; details see Table 1). In
one SCC possibly carcinogenic HPV73 subtype was identified. SCCs
with a single focus too small for microdissection (Fig. 1a / b, total of
10) were not included in this study. Invasive SCC of about 1 mm or
greater in any dimension in the 32 SCC were subjected to analysis
(Fig. 1c-h, Fig. 2a-h). All patients had an extensive thick HSIL >10 cell
layers thick. Early invasive cancer corresponded either to a keratinized
SCC (Fig. 1a-e, 2b and c), sharply contrasting the basaloid differentiation
of the HSIL from which they originated, or showed basaloid differentia-
tion with only rudimentary keratinization. Three pTla SCC had a
syncytial-like invasion pattern (Fig, 2 g). Occasionally, the dense inflam-
matory infiltrate made unequivocal recognition of invasion difficult in
Hematoxylin and Eosin-stained sections (Fig. 1d-f, 2f and 2h). The inva-
sive foci were delineated by an edematous stromal reaction and/or an
partly dense inflammatory response. Most SCC revealed a dense lym-
phocytic infiltrate (Fig. 1c-g; 2a,c-h), but invasion was easily recog-
nized on p16"<*? stains (Fig. 2c and d). LVSI was present in 4/32 SCC
(three pT1a2 SCC and one pT1a SCC). Treatment was cone excision (n
= 23), sentinel lymph node dissection (n = 3) or simple hysterectomy
(n = 9). All patients are presently alive without evidence of disease
after a follow up of 24 months (range 6 to 107 months), including the
four patients with LVSI (with 12, 18, 24 and 53 months follow-up).

In the micro-dissected samples of the micro-invasive foci, mutations
in the hot spot regions of cancer genes were detected in 8/32 (25%) SCC.
These included activating mutations in the PIK3CA gene in 5/8 (62%) SCC
in the hot spot regions E545K (n = 4; Fig. 2b-d) and E453K (n = 1;
Fig. 2a), and in the ERBB (Her-2 neu) gene in 1/32 SCC (3%; Fig. 2e-f).
Two of 32 SCC (6%) had likely pathogenic somatic mutations in the
tumor suppressor gene FBXW7. One of these SCC harbored FBXW7
D399N (n = 1; Fig. 2g-h), and the other SCC displayed FBXW7 R505G
with a concomitant TP53 gene mutation S241F (n = 1; likely patho-
genic). The micro-dissected areas of micro-invasion contained numer-
ous non-neoplastic inflammatory cells and portions of HSIL. Therefore,
the content / percentage of analyzed cancer cells was quite low, typi-
cally between 20 and 40%. Accordingly, the MAF of somatic mutations
was quite low and ranged between 4% and 21%, typically around 10%.
In 9/29 (31%) SCC with sufficient DNA, a gain of chromosome arm 3q
was identified, four of which occurred together with a somatic gene
mutation.

3.2. Frankly invasive SCC > pT1b

This group included 28 pT1b SCC with and without lymph vessel in-
vasion / lymph node metastasis, 22 pT2 SCC, 5 pT3 SCC (see Tables 2 and
3). Median age of patients with pT1b SCC was 44 years (range 22 to 69
years), that of patients with pT2 and pT3 SCC 53 years (range 38 to 72
years). Overall, 34/55 patients (62%) had regional lymph node metasta-
ses at primary clinical presentation, and 14/55 (25%) patients died of
disease after average 15 months (range 5 to 30 months) after initial di-
agnosis. Somatic gene mutations were identified in 26/55 (47%) inva-
sive SCC. Overall, 18 of the mutated 26 (69%) SCC showed PIK3CA
driver gene mutations in hot spot regions E545K and E453K. Only
three SCC had a concomitant activating PIK3CA gene and an inactivating
tumor suppressor gene mutation (FBWX7 and ATM resp.).

3.2.1. pT1b SCC
All 28 pT1b SCC were induced by HPV-high risk (18 HPV16; 2
HPV45; 2 HPV58; one each HPV18, HPV33, HPV31, HPV59, HPV39,
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Table 1
Genetic aberrations and CNV in invasive cervical SCC pT1a.
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Patients Age at Dx TNM Lympho-vascular HPV subtypes Somatic gene mutations Copy number variation Figures

space invasion Cancer Hot Spot Panel (50 genes) gain of 3q
#1 23 pTlal HR-16 ERBB2 exon 20; V777L insuff. DNA. 2ef
#2 25 pTla HR-16 gain 3q
#3 27 pT1a2 L1 HR-31 gain 3q
#4 28 pTla HR-16 none
#5 29 pTlal “other” HR none
#6 29 pTlal HR-16 PIK3CA exon10; E545K none 2c,d
#7 31 pTla2 L1 16 & “other PIK3CA exon 8; E453K none 2a
#8 33 pTla HR-16 gain 3q le
#9 33 pTlal possibly carcinogenic HPV 73 none 1g
#10 34 pTlal HR 16 & HR-59 none
#11 34 pTlal HR-33 none
#12 35 pTlal(m) HR-16 gain 3q
#13 35 pT1al HR-18 none
#14 35 pTlal HR 16 & HR-18 insuff. DNA. 1b
#15 35 pTlal HR-16 none 1c
#16 36 pTla HR-18 gain 3q
#17 37 pTlal HR-16 none
#18 37 pT1al HR-16 gain 3q 1d
#19 38 pT1al HR 16 & “other” FBXW7 exon 8; D399N gain 3q 2gh
#20 38 pTla “other” HR none
#21 38 pTlal HR-58 none
#22 39 pTlal HR-33 PIK3CA exon10; E545K insuff. DNA.
#23 39 pT1a2 L1 HR-16 3q
#24 40 pTlal HR-16 PIK3CA exon10; E545K insuff. DNA. 2b
#25 42 pT1al HR-16 none
#26 43 pT1a2 16 & “other” PIK3CA exon10; E545K gain 3q
#27 45 pTla HR-18 none 1h
#28 48 pTlal(m) HR-16 none
#29 54 pTlal L1 HR-16 loss 3q
#30 67 pTlal HR-16 none
#31 68 pTlal HR-16 none

FBXW?7 exon10; R505G .

#32 88 pTlal HR-16 P53 exon 6: S241F gain 3q

HPV “others”). Surgical removal and histological analysis of iliac sen-
tinel lymph nodes identified metastases in 10/28 SCC (36%). 18/28
pT1b SCC were classified as localized tumors without lymph node
metastases. One of these 18 SCC, however, showed LVSI in the pri-
mary SCC. Overall, 10/28 (36%) pT1b SCC had somatic mutations,
seven of 10 (70%) involved the PIK3CA gene at E545K (n = 5) and
E453K (n = 2). All but one PIK3CA driver gene mutations were soli-
tary events. One each of 28 SCC featured activating gene mutations
in the KRAS gene (concomitant KRAS A146V and A146T mutations
on different alleles) and a deletion/insertion in the tumor suppressor
gene FBXW7; details see Table 2). When stratified according to LVSI
or lymphatic metastasis at primary diagnosis, 6/11 (55%) SCC had
mutations in the PIK3CA gene (n = 4), the KRAS gene (n = 1), and
a deletion/insertion in the FBXW7 gene (n = 1). Four of 17 (24%)
pT1b SCC without LVSI had mutations (3x PIK3CA gene and 1x
FBXW?7). All 5/28 (18%) women, who died of disease 16 months
after diagnosis (range 14 to 21 months), had lymph node metastases
/ LVSI, but no mutations in genes evaluated by the hot spot cancer
panel.

3.2.2. pT2 and pT3 SCC

26/27 of advanced SCC were induced by HPV-high risk (18 HPV16; 2
HPV45; one each HPV16 & 52; HPV18; HPV32). Two SCC were induced
by “other” HR-HPV; 2 SCC were induced by possibly carcinogenic
HPV67 and HPV73 (details see Table 3). All but one patients had
lymph node metastases or LVSI. 15/27 (56%) pT2/3 SCC carried gene
mutations. The PIK3CA gene was affected in 10/15 (66%) SCC with a
single hot spot mutation at E545K (n = 6) and E453K (n = 3), and
two PIK3CA gene mutations at R108H and L540F (n = 1). Activating
oncogenic mutations also occurred in the ERBB2 gene (n = 1), MPL
gene (n = 1), and the APC gene (n = 1). Two SCC had a deletion of
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the RB1 gene with a concomitant mutation in the HRAS and KRAS gene
respectively. 9/27 (33%) patients died of disease 15 months after diag-
nosis (range 5 to 30 months).

4. Discussion

This is the largest study on pT1a SCC to date documenting that so-
matic driver gene mutations in hot spot regions of 50 cancer genes are
already present in early micro-invasive tumor formations. At initial di-
agnosis, the prevalence of somatic gene mutations increased from 25%
in pT1a SCC, to 36% in pT1b SCC and 55% in pT2/3 SCC, and dominated
in metastasized SCC with 59% versus only 11% of non-metastasized
SCC. The most commonly mutated gene was the PIK3CA gene at similar
frequencies throughout the different tumor stages. The overall percent-
ages in advanced SCC compared to those reported in the literature
[10,12,16]. Activation of PIK3CA pathways, however, was not exclu-
sively dependent on actionable gene mutations. The PIK3CA gene can
be activated by a gain of chromosome arm 3q [17,18], as identified in
about 1/3 of our pT1a SCC, or by amplifications of the PIK3CA gene in
as many as 50% of invasive cervical SCC [16,19,20]. In addition, PIK3CA
pathways are dysregulated in HPV-related cervical carcinogenesis al-
ready during development of HSIL, since the physiological negative
PIK3CA regulation by an intact p53 protein is abolished by binding of
HPVEG oncoprotein to p53 [21]. ERBB2, MPL, APC, KRAS and RB1 gene
mutations were sporadic events, and FGFR3 gene mutations were ab-
sent [22,23] contrasting observations in other studies [24,25]. Overall,
activating mutations vastly outnumbered tumor suppressor gene-
inactivating mutations. In line with the literature on cervical SCC, the
second most common mutation in our cohort occurred in the tumor
suppressor gene FBWX7[10,26], although driver mutations were the ex-
ception in our study. Inactivating TP53 and CDKN2A gene mutations
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Fig. 1. pT1a SCC without somatic gene mutations.

a) An extremely early focus of beginning invasion. These minute areas could not be analyzed with the microdissection techniques and excluded from this study.

b) A basaloid thick HSIL with a microscopic focus of invasion. The peritumoral stroma is edematous with a scant lympho-histiocytic infiltrate around the invasive keratinzed tumor cells.
This focus was too small for CHP analysis but other larger areas were subjected to microdissection (pt.#14).

) A keratinizing pT1a SCC undermining a thick basaloid HSIL Neither somatic cancer hot spot gene mutations nor a gain of chromosome 3 q were identified (pt.#15).

d) A microinvasive SCC pT1al arising at two different sites accompanied by a dense lymhohistiocytic infiltrate. In the micro-dissected sample originating from this area, only a gain of
chromosome 3q was identified (pt.#18).

e) A sharp contrast between the highly differentiated keratinizing foci of invasive SCC and the overlying thick HSIL. This specimen featured gain of chromosome 3q, but no somatic gene
mutations (pt.#8).

f) A multifocally invasive pT1a SCC with invasive foci featuring basaloid differentiation with only abortive squamous differentiation. A gain of chromosome 3q was detected (pt.#12).
g) HPV73-induced early invasive SCC with micro-invasion arising adjacent to tall endocervical epithelium (pt.#9).

h) HPV18-induced SCC with micro-invasion originating from an endocervical gland involved with HSIL (pt.#27).
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Fig. 2. pT1a SCC with somatic gene mutations.
a) A micro-invasive basaloid pT1a1 SCC with LVSI with a mutation in the PIK3CA E453K driver gene (pt.# 7).
b) A micro-invasive pT1al SCC featuring focal keratinization with a mutation in the PIK3CA E545K driver gene (pt.#24). Please note that the invasive SCC undermines “normal” appearing
endocervical epithelium in this image. The thick HSIL present in other sections is not appreciable here.
¢) Basaloid HSIL with a focus of micro-invasive SCC and an extensive dense inflammatory infiltrate. Note the change of histological differentiation in the invasive tumor component.
(pt.#6).
d) p16ink4a overexpression of micro-invasive SCC illustrating the protrusion of a single tumor cell through the basement membrane and single invasive tumor cells within the dense
inflammatory infiltrate (pt.#6) easily missed in the dense inflammatory infiltrate in HE stained sections.
e) A basaloid pT1al SCC with a ERBB2 driver mutation and a dense inflammatory infiltrate including numerous eosinophilic granulocytes (pt.#1).
f) The dense intra-tumoral and peri-tumoral inflammatory infiltrate features collections of eosinophilic granulocytes (pt.#1).
g) An extensive thick HSIL / SCC in-situ with comedo-necrosis and focal micro-invasion (asterix) featuring a mutation in the tumor suppressor gene FBXW?7 (pt.#19).
h) The areas of micro-invasion are surrounded by a dense lymphocytic infiltrate (pt.#19).
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Table 2
Somatic gene mutations in 28 pT1b SCC.
Ageat  HPV 1°SCC<2 1°SCC>2 1°SCC>4 reg. LN CHP (50 genes) Somatic mutations DOD Survival
DX. subtypes cm cm cm mets (months) (months)
#1 22 HR-16 pT1b2 1 none 12
#2 29 HR-16 pT1b 1 PIK3CA  exon10; E545K
ATM exon8; S334L 33
#3 32 HR-16 pT1b 0 lost to F/U after 48 months
#4 33 HR-16 pT1b1 0 PIK3CA  exon10; E543K 80
#5 34 HR-16 pT1b2; L1;Vl 1 14
#6 34 HR-16 pT1b1 1 PIK3CA  exon10; E545K 22
#7 36 HR-45 pT1b2 0 24
#8 37 HR-16 pT1b 0 20
#9 37 HR-45 pT1b2 1 17
#10 38 HR-16 pT1b1; L1 1 PIK3CA  exon10; E543K 42
#11 38 HR-16 pT1b1; L1 0 20
#12 38 HR-16 pT1b1; L1 1 PIK3CA exon10; E543K 66
#1340 HR-16 pT1b2 0 17
#14 41 HR-16 pT1b1; L1 0 6
#15 41 HR-16 pT1b1; 0 90
#16 31 HR-16 pT1b 0 144
#17 46 HR-16 pT1b, L1 0 FBXW7  exon 10; p.479_480delinsH 14
#18 45 HR-16 pT1b2 1 21
#19 47 HR-39 pT1b 1 72
#20 48 HR-31 pT1b2 0 68
#21 49 HR-58 pT1b 0 PIK3CA  exon10; E545K 15
#22 51 HR-59 pT1b2; L1 0 16
#23 52 HR-58 pT1b, L1 1 K-RAS exon4; A146V bi-allelic 54
#24 55 HR-16 pT1b 0 PIK3CA  exon10; E545K 7
#25 59 HR-18 pT1b2 0 18
#26 61 HR-33 pT1b1 0 40
#27 61 HR-16 pTib, L1 0 PIK3CA  exon10; E545K 68
#28 69 “other” HR pT1b1 0 42
Table 3
Somatic gene mutations in 27 cervical SCC pT2 and pT3.
Age at Dx. HPV subtypes TNM LN mets CHP (50 genes) Somatic Dead of disease (months) Survival (months)
mutations
#1 38 HR-16 pT2b 1 PIK3CA exon 2; R108 H 74
PIK3CA exon 10; L540F
#2 40 HR-16 pT1b1 1 MPL exon10; H520Q 5
#3 42 HR-16 1 none 3
#4 43 HR-16 & HR-52 pT2b 1 PIK3CA exon10; E543K 52
#5 45 HR-16 pT2b 1 none 4
#6 45 HR-16 pT3b 1 none 9
#7 45 HR-18 pT3b 1 PIK3CA exon10;E545K 3
FBXW7 exon10; R479Q
#8 46 HR-16 pT2a 1 PIK3CA exon10; E543K 8
#9 46 possibly carcinogenic HPV 73 pT2b, L1 0 none 26
#10 48 HR-16 pT2b 1 ERBB2 exon 19; 1767M 8
#11 48 HR-45 pT2b 1 APC exon 16, A1358V 13
#12 49 HR-16 pT2a 1 PIK3CA exon10;E545K 26
FBXW?7 exon10; R505G
#13 52 HR-16 pT2b 1 PIK3CA exon10;E545K 9
#14 53 HR-16 pT3b 1 none 6
#15 54 HR-16 pT3b 1 PIK3CA exon 8; E453K 18
#16 55 HR-16 pT2b 1 none 110
#17 56 HR-16 pT2b 1 none 9
#18 56 HR-16 pT3b 1 FBXW?7 exon9; R465H
#19 59 HR-16 pT2b, L1 1 PIK3CA exon10;E545K 30
#20 59 HR-31 pT2b 0 RB1 exon17; W563X 3
KRAS exon2; G12D
#21 61 HR-16 pT2b 1 HRAS exon3; F78L 3
RB1 exon 11; R358X
#22 61 HR-16 pT2a2, L1 1 PIK3CA exon10;E545K 62
#23 65 HR-16 pT2b 1 none 114
#24 68 possibly carcinogenic HPV 67 pT2b 1 PIK3CA exon10; E545K 27
#25 69 “other” HR pT2b 1 none
#26 71 “other” HR pT2b 1 none 17
#27 72 HR-45 pT2b 0 none 8
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were absent in our HPV-driven SCC, but TP53 gene mutations in cervical
SCC display geographical differences [27] and in cell lines are most likely
the result of continued passage [28].

Driver gene mutations were present in early stage cervical SCC,
with PIK3CA gene mutations dominating as described previously
for advanced late tumor stages. The relatively low prevalence of
25% somatic gene mutations in pT1a SCC needs careful interpretation
as technical limitations of the microdissection technique in detecting
individual cells with a point mutation may account for false negative
results. DNA of HSIL may have dominated over that of the small inva-
sive foci, and/or the numerous non-neoplastic inflammatory cells in
the micro-dissected samples may have “diluted” signals from a small
clone with a mutated base below detection level. Limitations of this
technique were demonstrated in a comparative study of primary
pancreatic cancer with its cell line, when only 63% of driver muta-
tions detected in the cancer cell enriched cell line could be verified
in the micro-dissected tumor specimen [29,30]. These technical as-
pects may have led to exclusion of early invasive SCC from previous
analyses [7-12]. The emergence of gene mutations in pT1a SCC coin-
cides with invasion, as somatic mutations are absent from cervical
precursor lesions [5,6]. The process of invasion through the base-
ment membrane is poorly understood. Aside from degradation of
the basement membrane by upregulation of proteinases, physical
forces such as the pure pressure of the bulk of cells comprising the
thick HSIL, specifically of dividing cells, may push cells through phys-
iological gaps in the basement membrane [31,32]. In addition, lym-
phocyte infiltrates or cytokine secretion of tumor infiltrating
lymphocytes further weaken the basement membrane. It is unclear
at present, if driver gene mutations in individual tumor cells (not de-
tectable by present techniques) are necessary for basement mem-
brane penetration, or if they are acquired immediately after initial
invasion, and if they contribute to a change in the differentiation pro-
gram in early invasive tumor cells. The gradual increase of PIK3CA
driver gene mutations from pT1 to pT3 SCC suggest, however, that
some mutations are acquired in later tumor stages.

Activated PIK3CA pathways and/or PIK3CA driver gene mutations ac-
quired early around the time of invasion provide initially only a minimal
selective growth advantage for each individual cell. It takes numerous
cell divisions before a selective growth advantage conferred by driver
mutations establishes a large cancer that has escaped to surgically inac-
cessible sites. Driver gene mutations affecting different pathways such
as cell survival (e.g. PIK3CA, growth factor receptors), genome mainte-
nance (TP53, ATM, FBXW7, CDKN2A) or cell fate (APC) [33] impact not
only on tumor progression but on therapy decisions. Mutation specific
therapy is available mostly for oncogenic activating mutations as these
drugs interfere with protein functions. Conversely, tumor suppressor
gene mutations cannot be replaced / repaired by drugs but may be
targeted indirectly as is the case with synthetic lethality achieved by
PARP inhibitors. The present standard first line treatment for advanced
local or metastatic SCC is radio-chemotherapy. PIK3CA gene mutations,
however, confer resistance to cisplatin-based chemotherapy and are
thus linked to poor clinical outcome [34,35]. In contrast, the mutational
status of adequately treated micro-invasive cervical SCC carries no prog-
nostic value, since early detection and surgical removal of all tumor cells
cures a patient.

In summary, somatic driver gene mutations are already present
in micro-invasive cervical SCC. PIK3CA driver gene mutations
vastly outnumbered other activating mutations or tumor-
suppressor gene mutations. Early detection and complete removal
of all cancer cells - independent of somatic gene mutations -
cured the patients. Our data reinforce the concept that HSIL and
adequately treated micro-invasive SCC have the same prognosis
even when their genetic profile is the same as in advanced dis-
ease. Once progressed to advanced inoperable tumor stages and
metastases, presence and type of driver gene mutation affects
prognosis and therapy success.
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