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Expression profiling of uterine leiomyomata
cytogenetic subgroups reveals distinct signatures
in matched myometrium: transcriptional profiling
of the t(12;14) and evidence in support

of predisposing genetic heterogeneity
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Uterine leiomyomata (UL), the most common neoplasm in reproductive-age women, are classified into dis-
tinct genetic subgroups based on recurrent chromosome abnormalities. To develop a molecular signature
of UL with t(12;14)(q14-q15;q23-q24), we took advantage of the multiple UL arising as independent clonal
lesions within a single uterus. We compared genome-wide expression levels of {(12;14) UL to non-t(12;14)
UL from each of nine women in a paired analysis, with each sample weighted for the percentage of
t(12;14) cells to adjust for mosaicism with normal cells. This resulted in a transcriptional profile that con-
firmed HMGA2, known to be overexpressed in {(12;14) UL, as the most significantly altered gene. Pathway
analysis of the differentially expressed genes showed significant association with cell proliferation, parti-
cularly G1/S checkpoint regulation. This is consistent with the known larger size of t(12;14) UL relative to
karyotypically normal UL or to UL in the deletion 7g22 subgroup. Unsupervised hierarchical clustering
demonstrated that patient variability is relatively dominant to the distinction of t(12;14) UL compared
with non-t(12;14) UL or of {(12;14) UL compared with del(7q) UL. The paired design we employed is therefore
important to produce an accurate t(12;14) UL-specific gene list by removing the confounding effects of
genotype and environment. Interestingly, myometrium not only clustered away from the tumors, but gener-
ally separated based on associated t(12;14) versus del(7q) status. Nine genes were identified whose expres-
sion can distinguish the myometrium origin. This suggests an underlying constitutional genetic
predisposition to these somatic changes which could potentially lead to improved personalized management
and treatment.
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INTRODUCTION

Benign smooth muscle tumors of the uterus generally referred
to as fibroids are the most common neoplasm of the female
genital tract, occurring in up to 77% of women as defined
by serial sectioning of uteri (1). These uterine leiomyomata
(UL) are clinically detectable in 25% of reproductive-age
women, many of whom have significant morbidity often ne-
cessitating surgery to alleviate excessive menstrual bleeding,
pelvic pain, urinary complaints, constipation and reproductive
dysfunction (2—4). UL are therefore the primary indication for
hysterectomy, the cause for approximately one in five visits to
a gynecologist, and result in expenditures exceeding 2.1
billion health-care dollars annually in the USA (5-7).

Molecular pathways underlying UL development and
growth acceleration are largely unknown and most recent dis-
coveries have stemmed from studying recurrent cytogenetic
abnormalities identified among the ~40% of karyotypically
abnormal UL (8,9). One of the most common subgroups is
characterized by rearrangement of 12ql14-15, typically as a
t(12;14)(q14-15;923-24), which occurs in ~7.5% of all UL
and 20% of karyotypically abnormal UL (10). This high
prevalence of t(12;14) and its frequent occurrence as the
sole cytologically detectable chromosome abnormality
suggest a primary importance for this translocation in UL
tumorigenesis.

The presence of t(12;14) has been associated with larger
sized UL than those with either normal karyotypes or intersti-
tial 7q22 deletions (11—13). In particular, a systematic study
of every palpable UL in each of 96 women undergoing hyster-
ectomy without pretreatment removed any potential bias in de-
termining significance due to tumor sampling (i.e. selection of
only larger tumors mainly as a result of myomectomy rather
than hysterectomy) or due to pretreatment with gonado-
tropin-releasing hormone-agonists that can be used to shrink
tumors prior to surgery (11).

UL with t(12;14) have elevated expression of the high
mobility group (HMGA) family member HMGA?2 located at
12q14.3 (14,15). This architectural factor is a non-histone
component of chromatin that alters DNA conformation to
modulate access of transcription factors to their target genes,
thereby influencing differentiation and proliferation of mesen-
chymal tissues (16—19). Consistently, transgenic mice null for
Hmga?2 have a 40% reduction in weight known as the pygmy
phenotype (20,21). In fact, HMGA2 expression in both mice
and humans is mainly restricted to proliferating embryonic
tissues, predominantly mesenchymal derivatives including
the myometrium from which UL arise, and are notably
absent from differentiated adult non-proliferating counterparts
(15,22,23). In addition, phosphorylation of HMGA proteins by
cdc2 kinase modulates their DNA binding ability in a cell
cycle-dependent manner (24). This role of HMGA2 in
growth was recently extended to include an association with
human height (25,26), which is further illustrated by an intra-
genic rearrangement in HMGA?2 from a constitutional chromo-
some 12 inversion resulting in extreme multisystem
overgrowth identified in the Guinness Book of World
Records tallest teenager record holder (27). In contrast to
such in vivo analyses, tissue culture induction of HMGA2 ex-
pression has been shown in a variety of human tissues
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including myometrium and karyotypically normal UL (15),
attributed to a serum component or the weak estrogenic
effect of phenol red in culture media (28). This confounds
the use of in vitro methods and necessitates direct examination
of gene expression in UL tumors.

UL provide a unique in vivo model as on average six to
seven independent clonal tumors occur per woman. The
clonal nature of UL was confirmed by the presence of
t(12;14) UL in the same uterus as UL harboring different or
no chromosomal changes (1), as well as by analysis of
repeat polymorphisms in the X-linked androgen receptor and
phosphoglycerokinase genes (29-31). We have taken advan-
tage of these circumstances for expression profiling to
compare directly UL with t(12;14) to UL without t(12;14)
obtained concurrently from the same uterus.

We demonstrate that such a matched (or paired) study
design is a requisite to identify the molecular profile asso-
ciated with the t(12;14) subgroup. This design, previously
validated for the interstitial 7q22 deletion UL subgroup (32),
has not been exploited by any prior study of t(12;14) in UL.
Importantly, it obviates the confounding effects of
patient-to-patient variability due to divergent genotype, envir-
onment or genotype/environment interaction. In addition, the
unique expression profiles we identify for myometrial
samples from women with t(12;14) UL relative to those with
del(7q) UL suggest an underlying genetic predisposition to
these somatic alterations.

RESULTS

Screening for t(12;14) UL by fluorescence in situ
hybridization and karyotyping

To identify UL with t(12;14), interphase fluorescence in situ
hybridization (FISH) or karyotype analysis was employed
(Table 1). A conservative false-positive cut-off of 15% for
t(12;14) interphase FISH was established by doubling the
positive rate found in normal peripheral blood lymphocytes.
Probe binding to the correct target region without cross-
hybridization was validated on lymphocyte metaphases.
Screening of 348 tumors from 140 patients identified 35
t(12;14) UL (10%). Of these 35 UL, those with matched myo-
metrium and non-t(12;14) samples, as well as a single case
found through karyotyping that was confirmed by FISH,
were selected for further analysis resulting in a total of nine
cases. In these t(12;14) UL, the level of mosaicism of cells
not carrying the abnormality ranged from 0 to 84%. Case 3
also had a proportion of cells (25%) with another recurrent
UL karyotypic abnormality, interstitial deletion of 7q22.

Identification of t(12;14)-specific UL genes

RNA from each t(12;14) UL as well as from concurrently col-
lected non-t(12;14) UL and normal myometrium tissues from
each of nine cases was hybridized on Affymetrix GeneChip
Human Genome U133 Plus 2.0 oligonucleotide arrays for ex-
pression analysis. Among these cases, multiple clinical fea-
tures were variable such as UL size, patient age, race and
stage of menstrual cycle at the time of surgical removal
(Table 2). To control for such variables, a direct comparison
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Table 1. Histopathology, karyotype and FISH results of UL

Case number ~ Accession number  Sample type Histopathology Karyotype % t(12;14) Gene Expression
Omnibus (GEO)
identifier”

1 ST99-240 t(12;14) UL Usual type, low MI 46,XX,t(12;14) 100° GSM452325

(q15;923-24)[10]
ST99-241 Non-t(12;14) UL Usual type, low MI 46,XX[12] 0° GSM452324
ST99-243 Myometrium —>° — — GSM452323
2 ST04-041 t(12;14) UL — — 309 GSM452328
ST04-043 Non-t(12;14) UL — — 0%e GSM452327
ST04-045 Myometrium — — — GSM452326
3f ST04-065 t(12;14) UL — — 25% del(7q)/16% t(12;14)*  GSM452331
ST04-066 Non-t(12;14) UL — — 1% del(7q)/7% t(12;14)%¢ GSM452330
ST04-067 Myometrium — — — GSM452329
4 ST04-118F-2 t(12;14) UL Usual type, low MI — 100¢ GSM452334
ST04-118F-1 Non-t(12;14) UL Usual type, low MI — 4de GSM452333
ST04-118M Myometrium Normal myometrium — — GSM452332
5 ST05-019F-1 t(12;14) UL Mildly cellular, low MI ~ — 48¢ GSM452337
ST05-019F-2 Non-t(12;14) UL Mildly cellular, low M ~ — 0%e GSM452336
ST05-019M Myometrium — — — GSM452335
6% ST05-024F-4 t(12;14) UL Usual type, low MI — 309 GSM452341
ST05-024F-5 Non-t(12;14) UL Usual type, low MI — 5de GSM452340
ST05-024M Myometrium — — — GSM452339
7 ST05-031F-1 t(12;14) UL Usual type, low MI — 63¢ GSM452344
ST05-031F-3 Non-t(12;14) UL Usual type, low MI — 3de GSM452343
ST05-031M Myometrium — — — GSM452342
8 ST06-040F-1 t(12;14) UL Usual type, low MI — 774 GSM452347
ST06-040F-2 Non-t(12;14) UL Usual type, low MI — gde GSM452346
ST06-040M Myometrium — — — GSM452345
9 ST06-042F-5 t(12;14) UL Usual type, low MI — 83¢ GSM452350
ST06-042F-1 Non-t(12;14) UL Usual type, low MI — 4de GSM452349
ST06-042M Myometrium — — — GSM452348

“http://www.ncbi.nlm.nih.gov/geo/.

"Dash indicates unknown.

“Percentage of t(12;14) cells determined by karyotype.

9dpercentage of t(12;14) cells determined by FISH.

“Value below FISH false-positive cut-off for t(12;14) of 15%.

fCase 3 is a mosaic del(7q)(q22932)/t(12;14)(q15;q23-q24) UL also reported as Case 5 in Hodge et al. (32).
€Case 6 has an independent del(7q) UL which is reported as Case 10 in Hodge et al. (32).

Table 2. Clinical features of UL

Case Size of t(12;14) Size of non-t(12;14) Total number  Race Age of onset  Age at surgery  Menstrual cycle®
number tumor (cm) tumor (cm) of tumors (years)? (years)

1 11.5 14.7 3 White 47 47 Proliferative

2 —° — 4 White 56 57 Menopausal

3 — — 3 White 40 43 Menstruation

4 95x75x%x17 25%x19x%x 14 8 Asian 38 42 Artificial menopause

(gonadotropin-releasing
hormone-agonist pretreatment)

5 10 x 8.9 x 8.4 28 x24x%x22 3 White 49 49 Secretory
6 S5x45x%x45 Sx4x4 10 White 51 59 Menopausal
7 185 x 125 x 10.5 45x4x3.6 5 White 41 51 Menopausal
8 15 x13 x 13 1.5 x15x%x1.5 4 White 36 46 Secretory
9 4x4x25 11 x6x55 12 Asian 35 36 Secretory

Self-reported by patient.

*Based on day 1 of last menstrual period relative to surgery date (days 1—5 = menstruation; 6—14 = proliferative; 14—28+ = secretory; >100 days =
menopausal).

“Dash indicates unknown.

of the array expression data was made between tissues from an unsupervised hierarchical cluster analysis of the 500
obtained from each individual to identify differences in ex- most variable genes demonstrates a tendency of myometrium
pression specifically resulting from the t(12;14). A heatmap tissues to cluster separately from UL samples and for the
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Figure 1. Paired analysis of the t(12;14) UL and non-t(12;14) UL microarray data to control for patient-to-patient variability without involvement of the myo-
metrium is necessary to generate an accurate t(12;14) UL-specific gene list. (A) A heatmap of an unsupervised hierarchical cluster analysis of the 500 most
variable genes between myometrium (M), t(12;14) UL (T) and non-t(12;14) UL (N) from each of the nine women shows a trend of myometrial separation
from all UL tissues and of UL clustering based on patient rather than t(12;14) status. A similar result is obtained when more genes are included in the analysis.
(B) Unsupervised principal component analysis displays in three dimensions the tendency of the myometrial samples (green) to cluster and have only minimal
overlap with the t(12;14) (blue) and non-t(12;14) UL tissues (red). (C) A comparison of the percent of genes in common between a paired and unpaired analysis
of t(12;14) UL versus non-t(12;14) UL indicates that the two modes of analysis produce different gene lists. (D) The distribution of P-values for two-group
comparison #-tests using a paired analysis includes a peak on the left side, indicating that more genes were found with significant P-values than expected in
a random data set. In contrast, the unpaired analysis generates a decreased or nearly flat distribution, suggesting that genes with significant P-values identified

by such an assessment are not likely to be true positives.

t(12;14) UL and non-t(12;14) UL to cluster by patient rather
than by presence or absence of the translocation (Fig. 1A).
Separation of the myometrial samples from the overlapping
UL groups can be visualized in three dimensions through prin-
cipal component analysis (Fig. 1B). These results suggest that
incorporation of the myometrial array data is suited to deter-
mining genes that differentiate any UL from the normal myo-
metrial tissue rather than identifying the t(12;14)-specific UL
genes. Therefore, myometrial samples were not included in
further analyses of t(12;14)-specific genes.

The importance of controlling for patient-to-patient vari-
ability is illustrated by comparing the percent of genes over-
lapping between gene lists generated by a paired and an
unpaired analysis of the t(12;14) UL and non-t(12;14) UL ex-
pression data. The two analyses had an ~50% gene overlap
(Fig. 1C). Another demonstration of the need to account for
variability between patients is shown by examining the distri-
bution of P-values from paired and unpaired ¢-tests for a

two-group comparison (Fig. 1D). In the paired case, which
considers the difference between samples of the same individ-
ual, the resultant peak on the left side of the distribution indi-
cates that more genes with significant P-values were identified
than expected from a random data set. In contrast, the unpaired
analysis ignores the sample pairing and results in a distribution
showing no clear evidence that genes appearing to have sig-
nificant P-values from such a study design would be true posi-
tives. Based on these analyses, paired t-tests directly
contrasting the t(12;14) UL and the non-t(12;14) UL from
each individual were chosen to determine t(12;14)-associated
genes. This resulted in a list of genes ordered by their genome-
wide significance levels corrected for multiple testing by the
false discovery rate (Q-value) (33). Of the 100 most significant
t(12;14) UL-specific genes, those with decreased expression
are reported in Table 3 and those with increased expression
in Table 4. A more extensive data set of 300 genes is provided
as Supplementary Material, Table S1.
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Table 3. Genes down-regulated in t(12;14) UL compared with non-t(12;14) UL

Number”  Probe set Ref. Seq. Gene Gene title Fold P-value Q-value Chromosome
symbol change

2 225619_at NM_001040153 SLAINI1 SLAIN motif family, member 1 —3.1 2.30E — 05 0.25 13922.3

4 238018_at NM_001002919 FAMI150B Family with sequence similarity 150, —4.2 0.00015 0.43 2p25.3
member B

8 219290_x_at NM_014395 DAPP1 Dual adaptor of phosphotyrosine and -3.6 0.00024 0.43 4q23
3-phosphoinositides

10 222549 _at NM_021101 CLDN1 Claudin 1 -55 0.00027 0.43 3q28

13 241835_at —>° — CDNA clone IMAGE:4822225 =21 0.00036 0.43 1p36.13

20 211276_at NM_080390 TCEAL2 Transcription elongation factor A —49 0.00039 0.43 Xq22.1
(SID)-like 2

34 229515_at NM_002583 PAWR PRKC, apoptosis, WT1, regulator —-1.8 0.00086 0.5 12g21.2

36 239381 _at NM_005046 KLK7 Kallikrein-related peptidase 7 —2.4 0.00092 0.5 19q13.33

38 204485_s_at NM_005486 TOMILI1 Target of myb1 (chicken)-like 1 -2 0.001 0.5 17q22

44 204591 _at NM_006614 CHL1 Cell adhesion molecule with homology to —3.2 0.0011 0.5 3p26.3
L1CAM (close homolog of L1)

45 230353_at — LOC284112 Hypothetical protein LOC284112 —-25 0.0011 0.5 17p13.2

51 213905_x_at NM_001711 BGN Biglycan —1.8 0.0013 0.5 Xq28

57 226231 _at — — Transcribed locus -3 0.0013 0.5 20q13.12//

12q21.2

61 226863 _at NM_001077710 FAMI110C Family with sequence similarity 110, —24 0.0014 0.5 2p25.3
member C

64 219737_s_at  NM_020403 PCDH9 Protocadherin 9 —2.8 0.0016 0.52 13921.32

77 228155_at NM_032333 C100rf58 Chromosome 10 open reading frame 58 —-1.8 0.002 0.52 10g23.1

88 239153 _at — FLJ41747 Hypothetical gene supported by —4.7 0.0024 0.52 12q13.13
AK123741

90 217428_s_at  NM_000493 COL10A1 Collagen, type X, alpha 1(Schmid =29 0.0025 0.52 6q22.1
metaphyseal chondrodysplasia)

94 222858 s _at NM_014395 DAPPI Dual adaptor of phosphotyrosine and —-3.7 0.0026 0.52 4q23
3-phosphoinositides

97 229849 _at — — Transcribed locus —-2.1 0.0028 0.52 Tpl5.1

aGenes are those in the top 100 t(12;14) UL-specific list (a more extensive list can be found as Supplementary Material).

Dash indicates unknown.

Identification of t(12;14)-specific UL genes weighted for
percent mosaicism of t(12;14) cells

Karyotypically abnormal UL are frequently found as mosaic
tumors that include chromosomally normal cells. In contrast
to previously published expression profiling studies, the
impact of this biology was integrated by weighting each
sample pair [t(12;14) UL and non-t(12;14) UL from the
same uterus] for percent t(12;14) mosaicism of the tumor in
a paired differential expression analysis: the higher the per-
centage of t(12;14) cells present, the more heavily weighted
was that sample. The 50 most significant genes based on
Q-value in this modified t(12;14) UL-specific gene list are
given in Table 5. A more expansive list of 300 genes is also
presented (Supplementary Material, Table S2). The top eight
genes from this mosaicism-weighted list, which have signifi-
cant Q-values of <0.10, are illustrated by scatter plots
(Fig. 2A) with details tabulated (Fig. 2B). This demonstration
of a relationship between expression and percent mosaicism
suggests that weighting the samples for mosaicism level is ne-
cessary to compensate for background noise caused by the kar-
yotypically normal cells in order to identify those genes
specific to the t(12;14). The validity of this approach is sup-
ported by the movement of HMGA2, which is known to be
highly up-regulated in t(12;14) UL, to the first position on
the mosaicism-weighted list from its fifth position on the non-
weighted list.

Quantitative polymerase chain reaction and
immunohistochemistry confirmation of elevated HMGA2
expression

In the nine cases investigated by microarray expression ana-
lysis, quantitative polymerase chain reaction (Q-PCR) con-
firmed that t(12;14) UL have significantly increased HMGA2
mRNA compared with matched myometrium using a Wil-
coxon signed-rank test (P = 0.0039). In addition, HMGA2
mRNA in t(12;14) UL relative to matched myometrium was
generally equivalent among tumors with >50% t(12;14)
cells, suggesting a potential saturation effect in gene expres-
sion (Supplementary Material, Fig. S1). Elevated HMGA2
protein was also detected in t(12;14) UL relative to matched
non-t(12;14) UL in both cases for which immunohistochemis-
try of paraffin sections was performed (an increase of
2.25-fold in Case 4 and of 1.77-fold in Case 5).

Q-PCR confirmation of elevated CCNDI and CCND2 RNA
expression and immunohistochemistry confirmation of
increased CCNDI1 protein expression

Cases 1, 4, 6, 8 and 9 for which additional RNA was available
were evaluated by Q-PCR for expression of CCND! (cyclin
D1). The 2.3-fold increase in RNA expression of CCND/ in
t(12;14) UL relative to matched non-t(12;14) tumors after nor-
malization to the housekeeping gene GAPDH correlated with
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Table 4. Genes up-regulated in t(12;14) UL compared with non-t(12;14) UL
Number”  Probe set Ref. Seq. Gene symbol Gene title Fold P-value Q-value Chromosome
change

1 220037_s_at  NM_006691 LYVEI1 Lymphatic vessel endothelial 32 3.70E — 06 0.082 11p15.4
hyaluronan receptor 1

3 214767_s_at  NM_144617 HSPB6 Heat shock protein, a-crystallin-related, 3.2 340E — 05 0.25 19q13.12
B6

5 208025_s_at  NM_003483 HMGA2 High mobility group AT-hook 2 23 0.00017 0.43 12q14.3

6 211792_s_at NM_001262 CDKN2C Cyclin-dependent kinase inhibitor 2C 4.4 2.00E — 04 0.43 1p33
(p18, inhibits CDK4)

7 240815_at b — Transcribed locus 2.5 0.00024 0.43 7q21.11

9 224438 _at — — — 3.4 0.00026 0.43 19q13.11

11 225954 s at  NM_177401 MIDN Midnolin 1.7 0.00035 0.43 19p13.3

12 221288 _at NM_005295 GPR22 G protein-coupled receptor 22 7.6 0.00036 0.43 7q22.3

14 237696_at — — Transcribed locus 2.1 0.00036 0.43 4q12

15 231259_s_at — — Transcribed locus 2 0.00036 0.43 12p13.32

16 243041_s_at — — Transcribed locus 2.1 0.00037 0.43 3p24.1

17 212384 _at NM_004640 BATI1 HLA-B-associated transcript 1 2 0.00038 0.43 6p21.33

18 239999 _at NM_001005732 C2lorf34 Chromosome 21 open reading frame 34 1.7 0.00039 0.43 21q21.1

19 208321_s_at NM_001033677 CABP1 Calcium-binding protein 1 2.9 0.00039 0.43 12q24.31

21 225128 _at NM_153705 KDELC2 KDEL (Lys-Asp-Glu-Leu) containing 2 1.7 0.00043 0.44 11q22.3

22 204035_at NM_003469 SCG2 Secretogranin II (chromogranin C) 4.7 0.00046 0.44 2q36.1

23 214989 _x_at — — CDNA FLJ11875 fis, clone 2.1 0.00047 0.44 12p12.3
HEMBA1007078

24 205381 _at NM_001031692 LRRC17 Leucine-rich repeat containing 17 1.9 0.00049 0.44 7q22.1

25 1553179_at NM_133638 ADAMTSI19 ADAM metallopeptidase with 2.5 0.00055 0.45 5q23.3
thrombospondin type 1 motif, 19

26 241509_at — — — 2.7 0.00056 0.45 12p12.3

27 230577_at — — Transcribed locus 6.7 0.00056 0.45 10g21.1

28 210202_s_at  NM_004305 BIN1 Bridging integrator 1 1.9 0.00066 0.5 2ql4.3

29 1555250_a_at NM_014912 CPEB3 Cytoplasmic polyadenylation 2.3 0.00067 0.5 10q23.32
element-binding protein 3

30 238546_at NM_001112800 SLC8A1 Solute carrier family 8 (sodium/calcium 1.9 0.00076 0.5 2p22.1
exchanger), member 1

31 226304 _at NM_144617 HSPB6 Heat shock protein, a-crystallin-related, 2.5 0.00082 0.5 19q13.12
B6

32 210230_at — — CDNA: FLJ23438 fis, clone HRC13275 2.3 0.00084 0.5 17p13.3

33 207133_x_at  NM_001102406 ALPKI a-Kinase 1 32 0.00084 0.5 4q25

35 243428 _at NR_002728 KCNQIOT1 KCNQI overlapping transcript 1 2.5 0.00091 0.5 11pl5.5
(non-protein coding)

37 226407_at — — CDNA FLJ30519 fis, clone 2.4 0.00094 0.5 13q14.12
BRAWH2000859

39 239910_at NM_001031850 PSG6 Pregnancy specific 3-1-glycoprotein 6 1.6 0.001 0.5 19q13.31

40 244614 _at NM_001007565 TFG TRK-fused gene 22 0.0011 0.5 3ql2.2

41 1554504 _at NM_005467 NAALAD?2 N-acetylated a-linked acidic 2.5 0.0011 0.5 11q14.3
dipeptidase 2

42 205677_s_at  NR_002605 DLEU1 Deleted in lymphocytic leukemia, 1 1.9 0.0011 0.5 13q14.3

43 200952_s_at  NM_001759 CCND2 Cyclin D2 3 0.0011 0.5 12p13.32

46 240245_at — — — 2.2 0.0012 0.5 3p24.1

47 1556820_a_at NR_002612 DLEU2 Deleted in lymphocytic leukemia, 2 1.7 0.0012 0.5 13q14.3

48 243874 _at NM_005578 LPP LIM domain containing preferred 1.9 0.0012 0.5 3q28
translocation partner in lipoma

49 237521_x_at — — Transcribed locus 1.7 0.0012 0.5 11g23.3

50 227192_at NM_145239 PRRT2 Proline-rich transmembrane protein 2 1.8 0.0012 0.5 16p11.2

52 241789_at — — CDNA FLJ36544 fis, clone 1.9 0.0013 0.5 3p24.1
TRACH2006378

53 208712_at NM_053056 CCND1 cyclin D1 2.5 0.0013 0.5 11q13.2

54 202921_s_at  NM_001148 ANK2 Ankyrin 2, neuronal 2.4 0.0013 0.5 4926

55 235133_at — — Homo sapiens, clone IMAGE:5787583, 1.8 0.0013 0.5 6g25.3
mRNA

56 229245 _at NM_014935 PLEKHAG6 Pleckstrin homology domain containing, 2 0.0013 0.5 1q32.1
family A member 6

58 1566163_at — — Transcribed locus 1.9 0.0013 0.5 15q14

59 208711_s_at  NM_053056 CCND1 Cyclin D1 33 0.0014 0.5 11q13.2

60 213367_at NR_015357 LOC791120 Hypothetical LOC791120 1.6 0.0014 0.5 7q36.1

62 223963_s_at  NM_001007225 IGF2BP2 Insulin-like growth factor 2 2.6 0.0014 0.5 3q27.2
mRNA-binding protein 2

63 232405_at — — CDNA: FLJ22832 fis, clone KAIA4195 2.1 0.0014 0.5 4926

65 242565_x_at  NM_001006114 C2lorf57 Chromosome 21 open reading frame 57 1.6 0.0016 0.52 21g22.3

Continued
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Table 4. Continued

Number”  Probe set Ref. Seq. Gene symbol Gene title Fold P-value Q-value Chromosome
change

66 1567224 _at NM_003483 HMGA2 High mobility group AT-hook 2 13 0.0017 0.52 12q14.3

67 227985_at — — — 22 0.0017 0.52 7pl5.3

68 219025_at NM_020404 CD248 CD248 molecule, endosialin 1.6 0.0018 0.52 11q13.1

69 239320_at NM_001080457 LRRC4B Leucine-rich repeat containing 4B 2 0.0019 0.52 19q13.33

70 200953_s_at  NM_001759 CCND2 Cyclin D2 2.6 0.0019 0.52 12p13.32

71 1561657_at — — Full-length insert cDNA clone 1.9 0.0019 0.52 11g23.1
YZ55H04

72 242239 _at — — CDNA clone IMAGE:5314281 1.7 0.002 0.52 10p12.33

73 1562434 _at NM_001080419 UNK Unkempt homolog (Drosophila) 2 0.002 0.52 17q25.1

74 220266_s_at  NM_004235 KLF4 Kruppel-like factor 4 (gut) 1.6 0.002 0.52 9q31.2

75 239281 _at — — Homo sapiens, clone IMAGE:5787583, 1.8 0.002 0.52 6g25.3
mRNA

76 201282_at NM_001003941 OGDH Oxoglutarate (a-ketoglutarate) 2.1 0.002 0.52 Tpl3
dehydrogenase (lipoamide)

78 224566_at NR_002802 TncRNA Trophoblast-derived non-coding RNA 2.1 0.0021 0.52 11q13.1

79 227835_at XM_001722051 LOC100132181 Hypothetical protein LOC100132181 1.7 0.0021 0.52 17p13.3//

7p22.3

80 202672_s_at  NM_001030287 ATF3 Activating transcription factor 3 2.1 0.0022 0.52 1q32.3

81 238447 _at NM_001003792 RBMS3 RNA-binding motif, single-stranded 1.8 0.0022 0.52 3p24.1
interacting protein

82 219370_at NM_019845 RPRM Reprimo, TP53-dependent G2 arrest 1.7 0.0023 0.52 2q23.3
mediator candidate

83 203186_s_at NM_002961 S100A4 S100 calcium-binding protein A4 32 0.0023 0.52 1q21.3

84 219089_s at  NM_024327 ZNF576 Zinc finger protein 576 1.5 0.0023 0.52 19q13.31

85 241345_at NM_005455 ZRANB2 Zinc finger, RAN-binding domain 2.1 0.0023 0.52 1p31.1
containing 2

86 215303_at NM_004734 DCLK1 Doublecortin-like kinase 1 1.6 0.0023 0.52 13q13.3

87 1559891 _at NM_003483 HMGA2 High-mobility group AT-hook 2 3.4 0.0024 0.52 12q14.3

89 200951_s_at  NM_001759 CCND2 cyclin D2 2.7 0.0025 0.52 12p13.32

91 240452 _at NM_002094 GSPT1 G1 to S phase transition 1 1.7 0.0025 0.52 16p13.13

92 219059_s_at NM_006691 LYVEI1 Lymphatic vessel endothelial 2.1 0.0026 0.52 11pl15.4
hyaluronan receptor 1

93 241817_at NM_198562 C3orf62 Chromosome 3 open reading frame 62 1.7 0.0026 0.52 3p21.31

95 206738 _at NM_001646 APOC4 Apolipoprotein C-IV 1.6 0.0027 0.52 19q13.32

96 241752_at NM_001112800 SLC8A1 Solute carrier family 8 (sodium/calcium 2 0.0027 0.52 2p22.1
exchanger), member 1

98 228632_at — — CDNA FLJ37243 fis, clone 24 0.0028 0.52 14q32.31
BRAMY2004387

99 225660 _at NM_020796 SEMAGA Sema domain, transmembrane domain 1.9 0.0028 0.52 5q23.1
(TM), and cytoplasmic domain,
(semaphorin) 6A

100 214657_s_at  NR_002802 TncRNA Trophoblast-derived non-coding RNA 2.3 0.0028 0.52 11q13.1

aGenes are those in the top 100 t(12;14) UL-specific list (a more extensive list can be found as Supplementary Material).

Dash indicates unknown.

the 2.9-fold elevation in expression detected by microarray after
averaging the fold change of all probe sets in CCND/. Similarly
examined was CCND2 (cyclin D2), which showed a 1.8-fold ex-
pression increase by Q-PCR in t(12;14) UL, consistent with the
finding by microarray of a 2.1-fold higher average expression
across all probe sets. Evaluation of CCND1 protein by immuno-
histochemistry with manual scoring confirmed increased ex-
pression in t(12;14) UL relative to matched non-t(12;14) UL
(an elevation of 12.50-fold in Case 4 and of 3.84-fold in Case
5); both cases were previously shown in a semi-automated ana-
lysis to have a similar HMGAZ2 protein distribution pattern.

Functional significance of t(12;14)-specific UL genes

To extract biological insight from the transcriptional profile of
t(12;14) UL, the 374 probe sets with P < 0.005 from the

t(12;14) mosaicism-weighted gene list were investigated
with Ingenuity Pathways Analysis (IPA). IPA is a web-
supported tool based on a database of functional relationships
between genes manually curated from scientific publications.
There were 13 highly significant networks of dependencies
generated, each involving 7-25 genes from the t(12;14)
UL-specific list. The two most significant networks (Fig. 3A
and B) are principally associated with cell proliferation and
development. The other networks involving 7-20 t(12;14)
UL-specific genes are generally associated with cell cycle,
growth and signaling, cancer, cell and tissue morphology,
nucleic acid and lipid metabolism, developmental and other
disorders, and normal development pathways of multiple dif-
ferent systems. Among well-characterized canonical path-
ways, cell cycle G1/S checkpoint regulation was the most
significant (P = 0.0042), involving increased expression of
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Table 5. Genes up- or down-regulated in t(12;14) UL compared with non-t(12;14) UL weighted for percent mosaicism

Number®  Non-weighted®  Probe set Ref. Seq. Gene symbol  Gene title Fold change®  P-value Q-value  Chromosome
1 5 208025_s_at NM_003483 HMGA2 High mobility group AT-hook 2 49 2.90E — 06 0.035 12q14.3
2 9 224438 _at —d — — 4 4.10E — 06  0.035 19q13.11
3 20 211276_at NM_080390 TCEAL2 Transcription elongation factor A (SII)-like 2 =76 5.770E — 06  0.035 Xq22.1

4 10 222549 _at NM_021101 CLDNI Claudin 1 -175 6.20E — 06  0.035 3q28

5 4 238018_at NM_001002919 FAMI150B Family with sequence similarity 150, member B —-55 1.10E — 05 0.05 2p25.3

6 1 220037_s_at NM_006691 LYVEI1 Lymphatic vessel endothelial hyaluronan receptor 1 3.1 1.50E — 05  0.056 11pl15.4
7 12 221288_at NM_005295 GPR22 G protein-coupled receptor 22 10 2.30E — 05 0.073 7q22.3

8 59 208711_s_at NM_053056 CCND1 Cyclin D1 4 3.40E — 05 0.095 11ql13.2
9 81 238447 _at NM_001003792 RBMS3 RNA-binding motif, single-stranded interacting protein 2.1 4.60E — 05 0.11 3p24.1
10 2 225619_at NM_001040153  SLAIN1 SLAIN motif family, member 1 -3.1 530E—05 0.12 13g22.3
11 87 1559891 _at NM_003483 HMGA2 High mobility group AT-hook 2 4.8 590E — 05 0.12 12q14.3
12 53 208712_at NM_053056 CCND1 Cyclin D1 32 7.30E — 05 0.12 11ql13.2
13 45 230353_at — LOC284112  Hypothetical protein LOC284112 -3 7.70E — 05 0.12 17p13.2
14 89 200951 _s_at NM_001759 CCND2 cyclin D2 33 7.80E — 05 0.12 12p13.32
15 3 214767_s_at NM_144617 HSPB6 Heat shock protein, a-crystallin-related, B6 3.1 7.80E — 05 0.12 19q13.12
16 150 204359_at NM_013231 FLRT2 Fibronectin leucine-rich transmembrane protein 2 -29 1.00E — 04 0.12 14q31.3
17 43 204359 _at NM_001759 CCND2 Cyclin D2 32 0.00011 0.12 12p13.32
18 32 210230_at — — CDNA: FLJ23438 fis, clone HRC13275 2.8 0.00011 0.12 17p13.3
19 6 211792_s_at NM_001262 CDKN2C Cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) 5 0.00011 0.12 1p33

20 521 218182_s_at NM_021101 CLDNI1 Claudin 1 —6.4 0.00011 0.12 3q28

21 8 219290_x_at NM_014395 DAPP1 Dual adaptor of phosphotyrosine and 3-phosphoinositides —4 0.00012 0.12 4q23

22 58 1566163_at — — Transcribed locus 2 0.00013 0.13 15q14
23 52 241789_at — — CDNA FLJ36544 fis, clone TRACH2006378 1.9 0.00017 0.17 3p24.1
24 456 222940_at NM_005420 SULTIE1 Sulfotransferase family 1E, estrogen-preferring, member 1 —42 0.00019 0.17 4ql3.3
25 18 239999_at NM_001005732  C2lorf34 Chromosome 21 open reading frame 34 1.7 2.00E — 04 0.17 21q21.1
26 15 231259_s_at — — Transcribed locus 2 2.00E — 04 0.17 12p13.32
27 64 219737_s_at NM_020403 PCDH9 Protocadherin 9 -33 0.00022 0.18 13g21.32
28 57 226231_at — — Transcribed locus -33 0.00027 0.19 20q13.12//12q21.2
29 46 240245_at — — — 2.3 0.00032 0.19 3p24.1
30 71 1561657_at — — Full-length insert cDNA clone YZ55H04 2.2 0.00034 0.19 11923.1
31 394 243808_at — — Transcribed locus 2.4 0.00035 0.19 7q921.2
32 14 237696_at — — Transcribed locus 2 0.00035 0.19 4ql12

33 7 240815_at — — Transcribed locus 2.5 0.00035 0.19 7q21.11
34 22 204035_at NM_003469 SCG2 Secretogranin II (chromogranin C) 4.8 0.00035 0.19 2q36.1
35 16 243041_s_at — — Transcribed locus 22 0.00036 0.19 3p24.1
36 34 229515_at NM_002583 PAWR PRKC, apoptosis, WT1, regulator -1.9 0.00037 0.19 12gq21.2
37 67 227985_at — — — 2.3 0.00037 0.19 Tpl5.3
38 70 200953_s_at NM_001759 CCND2 cyclin D2 32 0.00037 0.19 12p13.32
39 21 225128 _at NM_153705 KDELC2 KDEL (Lys-Asp-Glu-Leu) containing 2 1.6 0.00038 0.19 11g22.3
40 61 226863 _at NM_001077710 FAM110C Family with sequence similarity 110, member C —-2.5 0.00038 0.19 2p25.3
41 949 205347_s_at NM_021992 TMSL8 Thymosin-like 8 /// thymosin B15b —-22 0.00038 0.19 Xq22.1
42 228 1556069_s_at  NM_022462 HIF3A Hypoxia-inducible factor 3, a-subunit 2.4 0.00039 0.19 19q13.32
43 200 218847_at NM_001007225 IGF2BP2 Insulin-like growth factor 2 mRNA-binding protein 2 6.2 0.00039 0.19 3q27.2
44 77 228155_at NM_032333 C100rf58 Chromosome 10 open reading frame 58 —-19 4.00E — 04 0.19 10g23.1
45 31 226304 _at NM_144617 HSPB6 Heat shock protein, a-crystallin-related, B6 2.6 4.00E — 04 0.19 19q13.12
46 48 243874 _at NM_005578 LPP LIM domain containing preferred translocation partner in lipoma 2 0.00041 0.19 3q28

47 252 240813_at — — Transcribed locus 2.1 0.00041 0.19 11923.1
48 24 205381 _at NM_001031692 LRRCI17 Leucine-rich repeat containing 17 2 0.00041 0.19 7q22.1
49 11 225954_s_at NM_177401 MIDN Midnolin 1.7 0.00042 0.19 19p13.3
50 517 33767 _at NM_021076 NEFH neurofilament, heavy polypeptide 200 kDa —-2.5 0.00043 0.19 22ql2.2

Genes are those in the top 50 t(12;14) UL-specific list that have been weighted for the percent mosaicism (a more extensive list can be found as Supplementary Material).

®Number on non-weighted t(12;14) UL-specific gene list.

“Expression fold change between t(12;14) and non-t(12;14) UL weighted for percent mosaicism.

9Dash indicates unknown.
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Gene Symbol  Gene Name Probe Set Ref Seq Fold Change  P-value Q-value Chromosome
HMGA2 high mobility group AT-hook 2 208025 s at NM_003484 49 290E-06 0035 129143
transcribed locus 224438_at 4 4.10E-06 0.035 19913.11
TCEALZ transcription elongation factor A (Sll)-like 2 211276 _at NM_080390 -7.6 5.70E-06 0.035 Xg221
CLDN1 claudin 1 222549 _at NM_021101 -7.5 6.20E-06 0.035 3q28
FAM1508 family with sequence similarity 150, member B 238018_at NM_001002918 -5.5 1.10E-05 0.050 2p25.3
LYVET lymphatic vessel endothelial hyaluronan receptor 1 220037 _s_at NM_006631 31 150E-05  0.056 11p15.4
GPRZ2 G protein-coupled receptor 22 221288 at NM_005295 10 2 30E-05 0,073 7223
CCND1 cyclin D1 208711_s_at NM_053056 4 3.40E-05 0.095 11913.2

Figure 2. Weighting the microarray data for the level of t(12;14) cell mosaicism in each UL results in identification of eight significant genes with a O-value of
<0.10. (A) Scatter plots show the relationship between the percent of t(12;14) cells and the log, fold change ratio of gene expression in t(12;14) UL relative to

the non-t(12;14) UL in each of the nine women. (B) Details about the eight genes, which include HMGA2 and CCNDI.

four t(12;14) UL-specific genes: CCNDI, CCND2, CCND3
and CDKG6.

Gene Set Enrichment Analysis (GSEA) was also employed
which uses a continuum of differential expression scores for
all genes rather than dividing the genes into significant
versus non-significant categories (34). Application of GSEA
to the mosaicism-weighted t(12;14) UL-specific gene list iden-
tified significant enrichment (a false discovery rate of <(0.2)
for eight gene sets including two associated with mitotic cell
cycle (G1/S checkpoint and interphase), which is consistent
with the IPA (Fig. 4). The six other significant gene sets
were primarily associated with GTPase or kinase activity, pos-
sibly indicating additional molecular pathways differentially
activated between t(12;14) and non-t(12;14) UL.

Menopause or medications creating a hypogonadal state do
not appear to significantly alter the t(12;14) expression
analysis

UL are hormonally responsive to the gonadal steroids estrogen
and progesterone, and four of the nine women in this study
were menopausal or on medications creating a hypogonadal
state at the time of tumor collection (Table 2). Thus, an
assessment was undertaken of whether the same genes are
significantly changed when only the non-menopausal/
non-medicated subset is examined. The mosaicism-weighted
fold changes (log, scale) between the whole data set (n = 9)
and the non-menopausal/non-medicated subset (n=75)

showed a high Pearson’s correlation (»= 0.875). Further,
both in total and non-menopausal/non-medicated cases, the
top variable probes corresponded to HMGA?2 (Supplementary
Material, Fig. S2). As anticipated, the results favor the
premise that a paired comparison of a t(12;14) UL and a
non-t(12;14) UL from each woman neutralizes environmental
influences such as menopausal status from significantly affect-
ing the gene expression analysis. In addition, application of
GSEA to only the non-menopause data subset confirmed the
importance of the mitotic G1/S checkpoint with a false discov-
ery rate of 0.18.

Genetic heterogeneity among UL subgroups

After combining the t(12;14) UL expression data set with the
previously published del(7q) UL data set (GEO accession
GSE12814) (32), the top 1000 most variable genes were
selected for an unsupervised hierarchical cluster analysis
with adjustment for batch effect (Fig. 5) (35). The results sub-
stantiate the previous findings of the individual t(12;14) or
del(7q) analyses where myometrium samples largely separated
from the tumors while the tumors generally clustered by
patient rather than by non-t(12;14)/non-del(7q) versus
t(12;14)/del(7q) status. In addition, although there was not a
distinct separation of t(12;14) and del(7q) tumors, the
weighted t(12;14) UL- and the weighted del(7q) UL-specific
gene lists were mutually exclusive (i.e., only three common
genes were observed between the top 500 genes; P-value of
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Figure 3. The use of IPA to identify highly significant networks of functional dependencies of genes represented by the 374 probe sets with a P-value of <0.005 from the t(12;14) UL-specific gene list
weighted for percent of t(12;14) cells. The functions of the two networks of highest significance are involved in (A) cell development, cell proliferation and respiratory system development and function
[score = 46, genes from t(12;14) list = 25], which includes HMGA2, and (B) cellular assembly and organization, and embryonic and organ development [score = 36, genes from t(12;14) list = 21]. Each
node in the network corresponds to a gene and each arc to a published article reporting a functional relationship between those two linked genes. Pink shading indicates up-regulated gene expression, green
shading down-regulated gene expression, solid lines a direct relationship between connected genes and dotted lines an indirect relationship between linked genes.
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Figure 4. GSEA found eight molecular functions, including two involving the cell cycle, significantly enriched with genes which were differentially expressed between t(12;14) UL and non-t(12;14) UL
based on a false discovery rate (FDR) of <0.2. Plots of these eight molecular functions show the enrichment score (y-axis) across the genes (x-axis) sorted in the order of differential expression (upper
section, each panel). Vertical bars represent genes that belong to the functional set (middle section, each panel). The leading edge gene subset is provided as a list of gene symbols (bottom section, each
panel). The peak value of the enrichment score is reported as ES and the normalized value as NES.
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Figure 5. Merging the microarray expression profiles of the t(12;14) and del(7q) data sets confirmed the need for paired analysis to control for patient-to-patient
variability and demonstrated a potential underlying genetic predisposition to these karyotypic abnormalities based on the clustering pattern of their myometrial
samples. A heatmap of an unsupervised hierarchical cluster analysis of the 1000 most variable genes between t(12;14) UL [T (translocation) followed by the case
number], non-t(12;14) UL [N (non) following T and the case number] and myometrium [M following T and the case number] from each of the 9 women in the
t(12;14) data set as well as del(7q) UL [D (deletion) followed by the case number], non-del(7q) UL [N following D and the case number] and myometrium [M
following D and the case number] from each of 11 women in the del(7q) data set. Of note, one case is a mosaic t(12;14)/del(7q) UL which is denoted as D5/T3,
D5N/T3N and DSM/T3M and is included in the combined analysis only once. Also, one case had a t(12;14) UL [designated T6] and a separate del(7q) UL
[designated D10] within the same uterus, and therefore these tumors have in common a myometrium [designated D10M/T6M] and a non-t(12;14)/
non-del(7q) sample [designated D1ON/T6N] which are included in the combined analysis only once. As was previously observed in the individual analyses,
a trend of myometrial separation from all UL tissues and of UL clustering based on patient rather than t(12;14) or del(7q) status was found. In addition, the

myometrium samples generally clustered based on their associated tumor karyotypic abnormality.

exclusivity = 0.0071 using Fisher’s exact test). These results
indicate patient bias (constitutional genetics and/or environ-
mental exposures) likely significantly interferes with identify-
ing the transcriptional effects of the t(12;14) and del(7q)
somatic changes, suggesting the necessity of matched
sample analysis to remove this bias.

Genetic heterogeneity among myometrial samples

The myometrium samples not only segregated from the
tumors, but within the myometrium group, t(12;14) patients
generally clustered separately from the del(7q) patients even
after batch effect correction (Fig. 5). The ability to distinguish
myometrium obtained from t(12;14) UL patients versus those
with del(7q) UL was confirmed by the finding of 100% accur-
acy to call the tumor karyotypic abnormalities associated with
each myometrium sample using a leave-one-out cross-
validation test [n =7 t(12;14) patients and n =9 del(7q)
patients]. Myometrium samples excluded from this analysis
were from two patients with both a t(12;14) and a del(7q)
tumor (samples D5SM/T3M and D10M/T6M). Nine genes
were identified using the A-NN (k-nearest neighbor) method

that can distinguish the myometrium origin and are illustrated
with a heatmap (Fig. 6).

DISCUSSION

Identification of recurrent primary chromosome abnormalities
in UL suggests that these tumors arise through multiple
genetic pathways. One major UL cytogenetic subgroup,
t(12;14)(q14-15;q23-24), has the pathogenetic target HMGA2
that is involved in multiple mesenchymal solid tumors
(36,37). The presence of t(12;14) in UL leads to elevated ex-
pression of HMGA2 (14,15). Real-time PCR and immunohis-
tochemistry in the current investigation confirmed increased
HMGA?2 in t(12;14) UL relative to matched non-t(12;14) UL
and myometrium. Elevated HMGAZ2 has also been noted in
many malignant tumors (38).

In the present study, a molecular signature of t(12;14) UL
was identified by directly comparing expression profiles of
t(12;14) UL and non-t(12;14) UL removed concurrently
from the same uterus in each of nine women. This approach
is different from previously published expression studies
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Figure 6. Nine genes distinguish the myometrial origin from t(12;14) UL or
del(7q) UL patients. A heatmap showing the expression signature of these
nine genes in the myometrium from each of seven women with t(12;14) UL
and nine women with del(7q) UL. The myometrium from two patients were
excluded due to the presence of both a t(12;14) and a del(7q) tumor
(samples D5M/T3M and D10M/T6M).

which compare UL with normal myometrial tissue. Our data
demonstrated that t(12;14) UL and non-t(12;14) UL clus-
tered separately from myometrium, which suggests that ex-
pression profiling of myometrium does not help elucidate
t(12;14) UL-specific genes. UL were also noted to generally
cluster by patient rather than t(12;14) versus non-t(12;14)
status, suggesting a need to control for patient variability
caused by genetic and environmental factors such as men-
strual cycle status. Therefore, a paired comparison of
t(12;14) UL to non-t(12;14) UL to increase specificity was
used to develop a molecular signature of the t(12;14) abnor-
mality. In addition, data were further refined through
weighting based on the percent of abnormal t(12;14) cells
in each neoplasm to account for the mosaic nature of UL.

The need for a paired design is illustrated by the finding that
menopause, the absence of steroid hormones which are a
known environmental influence on UL growth, does not
appear to significantly affect the t(12;14) gene list in this
study. This was demonstrated by a significant correlation in
gene expression between the non-menopausal case subset
and the whole data set, including HMGA2 as the most
highly expressed transcript in both groups.

To study further the genetic expression of t(12;14) UL, this
data set including the myometrium was combined with that of
a previously published 7q22 deletion cytogenetic subgroup
(32), and an unsupervised hierarchical cluster analysis was
performed. The tumors tended to cluster by patient rather
than by the presence or absence of the cytogenetic abnormal-
ity. The t(12;14) UL were also not clearly distinguishable from
the del(7q) UL. This suggests that patient variability due to
constitutional genetics and/or environment has a predominant
effect, and therefore, a paired analysis is likely required to de-
termine t(12;14) UL-specific genes. This patient variability
effect is so strong that in a single case with independent
del(7q) and t(12;14) UL [Case 6 in Table 1 and Case 10 in
(32)], it was found that those tumors clustered together
along with the non-del(7q)/non-t(12;14) UL from the same
woman (D10, T6, DION/T6N in Fig. 5). In addition, the

single tumor that is a low-level mosaic for both del(7q) and
t(12;14) [Case 3 in Table 1 and Case 5 in (32)] presented
within the myometrium branch (D5/T3, D5N/T3N, D5M/
T3M in Fig. 5), suggesting the genetic effects of both cytogen-
etic abnormalities are diluted by the mosaicism with each
other and with normal cells.

A second result of this analysis was the finding that within
the myometrium cluster, t(12;14) patients generally gathered
separately from the del(7q) patients. Nine genes were identi-
fied that could predict whether a myometrium sample came
from a woman with a t(12;14) UL versus a woman with a
del(7q) UL. This suggests that there are different constitution-
al genetic predisposition alleles in women for these specific
cytogenetic subgroups. Alternative potential mechanisms
affecting myometrium expression can include a paracrine
effect of UL with different cytogenetic abnormalities on adja-
cent myometrium or unappreciated microscopic UL in one or
more of the myometrial samples. Precedent for general UL
genetic predisposition was established by a genome-wide as-
sociation study in which three loci were significantly asso-
ciated with UL susceptibility (39). Further investigations are
required to determine whether genetic predilection to UL for-
mation in general is related to the potential constitutional pre-
disposition to specific cytogenetic abnormalities in UL.

Among the nine genes that can differentiate between the
myometrium of t(12;14) and del(7q) patients, PLAGI (pleo-
morphic adenoma gene 1) is significant as this proto-oncogene
is ectopically overexpressed through recurrent translocations
or amplifications in multiple neoplasms. Pleomorphic
adenoma of the salivary gland is one such tumor; this
benign growth is of particular interest as a subset harbor
HMGA2 rearrangement similar to the t(12;14) subgroup of
UL (40). Further, like HMGA2, the expression of PLAGI is
usually restricted to fetal development (41). PLAG! has also
been shown to drive cell proliferation and oncogenic trans-
formation, likely through its known mitogenic target genes
such as IGF2 (42,43). In fact, PLAGI increases proliferation
by inducing G1/S transition in hematopoietic progenitors in
cooperation with CBFB/MYH11 fusion (44) and its disruption
in mice results in growth retardation (41). These roles are
interesting to consider in relation to PLAGI expression in
the myometrium, and the question remains whether there is
any relationship between PLAGI and HMGA2 in pleomorphic
adenomas or other tumors such as UL.

Another gene of interest in the myometrial differential data
set, PRL (prolactin), induces phosphorylation of mitogen-
activated protein (MAP) kinase and DNA synthesis in
UL-derived smooth muscle cells (45). This suggests that
PRL promotes UL cell proliferation via the MAP kinase
cascade. Myometrial and UL cells were further shown to
express the PRL receptor and to have a significant decrease
in cell number in vitro after treatment with anti-PRL antibody
(46). Therefore, even a modest overproduction of the stimula-
tory growth factor PRL in the myometrium could result
through an autocrine mechanism in sustained, self-stimulated
proliferation, predisposing to tumor formation.

Other genes among the nine that are of potential relevance
include MEST, CAPN6 and BCL11A due to their known neo-
plastic associations. MEST (mesoderm-specific transcript) is
overexpressed in UL relative to myometrium across multiple



expression array studies (47) and is also involved in prolifer-
ation as mice lacking MEST demonstrate growth retardation
(48). CAPNG (calpain 6) is also overexpressed in UL relative
to myometrium (49) and supports tumorigenesis through apop-
tosis inhibition and angiogenesis promotion (50). BCLIIA
(B-cell lymphoma/leukemia 11A) codes for a proto-oncogene
transcription factor which is rearranged or amplified in a
variety of B-cell malignancies (51).

The myometrium of the del(7q) and t(12;14) UL cytogenet-
ic subgroups not only differ, but in contrast to the expression
profile of del(7q) (32), the mosaicism-weighted t(12;14)
UL-specific gene list suggests that cell cycle regulation is of
primary importance. Application of IPA to the significant
probe sets (P < 0.005) indicates that the top networks are prin-
cipally associated with cell proliferation and development
while the most-related canonical pathway is G1/S checkpoint
regulation. Consistently, application of another functional ana-
lysis method, GSEA, showed significant enrichment for
mitotic cell cycle function, particularly G1/S transition and
interphase. Interestingly, when GSEA analysis was applied
to only the subset of women who were non-menopausal, the
significance of the mitotic G1/S transition function remained.

During the G1 phase of the cell cycle, D-type cyclins accu-
mulate in response to growth signals and activate their asso-
ciated cyclin-dependent kinases (CDKs), promoting
progression through the restriction point to achieve S phase
commitment and mitogen independence. In t(12;14) UL, the
genes significantly up-regulated include multiple D-type
cyclins (CCNDI, CCND2, CCND3) and a CDK (CDK®).
Overexpression of CDK6 or CCNDI has been shown to
shorten the G1 phase and accelerate the G1/S transition
(52,53). In addition, increased CDK6 expression was observed
in squamous cell carcinomas, gliomas and neuroblastomas
while CCNDI1 expression is characteristically elevated in mul-
tiple primary human tumors and cell lines (54-57).

Additional support for a relationship between t(12;14) and
the cell cycle is shown by the marked growth advantage of
t(12;14) UL, which was found in a systematic study of all
palpable UL from hysterectomy specimens to be significantly
larger in size than those with either interstitial 7q22 deletions
or normal karyotypes (11). This may be directly related to
increased expression of HMGA?2, which has been identified
as a delayed early response gene in multiple cell types (58—
61). Since delayed early response genes normally promote
progression to S phase in response to growth factors, UL
cells with up-regulation of HMGA2 due to t(12;14) may
bypass the need for mitogen stimulation.

This connection between HMGA?2 and the cell cycle is also
shown by insertional mutagenesis of HMGA2 in mice which
have significantly reduced body size as a result of widespread
mesenchymal tissues growth restriction (21). A gene directly
regulated by HMGA2 and known to have decreased expression
in these pygmy mice is insulin-like growth factor II mRNA-
binding protein 2 (62,63). In the current study, /MP2 (also
known as IGF2BP?2) is number 43 on the mosaicism-weighted
t(12;14) UL-specific gene list with a significant 6.2-fold in-
crease in expression relative to non-t(12;14) UL (P =
0.00039). IMP2 encodes a mRNA-binding protein involved
in regulating post-transcriptional processes, including influen-
cing the major fetal period growth factor IGF-II (64). IMP2
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may therefore function as an effector through which
HMGA?2 contributes to growth in t(12;14) UL.

HMGA? or other t(12;14)-associated genes may also poten-
tially contribute to an injury-like response in UL as is known
to occur during normal menstruation when increased uterine
vasoconstrictive substances induce myometrial cell hypoxia
(65). Decreased oxygen levels activate hypoxia-inducible
factors (HIFs) which in turn induce transcription of genes
involved in many functions including angiogenesis and cell
survival (66). HIFIA is key in the initial adaptation of cells
to an oxygen-poor environment, but recent data suggest that
HIF34 takes over in maintaining long-term response to
hypoxia (67). In the current study, HIF34 is a significant
t(12;14) UL-specific gene, at number 24 with 2.4-fold
increased expression (P = 0.00039) as well as being present
four additional times in the top 437 probes with an overall
average fold-change of 2.1 on the mosaicism-weighted gene
list. IPA indicated HIF34 as a gene involved in the second
most significant network. HIF34 may not only have a tumori-
genic function but, as larger tumors are prone to hypoxia at
their core and t(12;14) UL are known to generally be larger,
t(12;14)-induced expression of HIF34 may allow UL with
this translocation to remain viable during hypoxia-inducing
rapid growth.

In conclusion, this study provides an expression profile of
the t(12;14) cytogenetic subgroup of UL. The unique design
employed to target t(12;14) UL-specific genes included a
paired comparison to non-t(12;14) UL from the same
women and weighting of the data for percent of t(12;14)
cells to account for mosaicism with normal cells. This
paired strategy was demonstrated to be required to remove
the significant impact of patient variability. The resultant
gene list with the known t(12;14)-associated gene HMGA2
as the most significant gene strongly implicates the importance
in t(12;14) UL of the G1-S cell cycle checkpoint. By exam-
ining expression profiles of morphologic variants and recur-
rent cytogenetic subgroups of UL, it is becoming clear that
UL is not a single disease. In fact, analysis of myometrium
from t(12;14) and del(7q) UL cases suggests distinct constitu-
tional genetic predisposition for these somatic changes. Rec-
ognizing this genetic heterogeneity and establishing genetic
profiles of the different entities are taking the first steps
toward understanding the implications of how genetic variabil-
ity impacts disease occurrence, severity and recurrence, par-
ticularly as less invasive uterus-sparing procedures are
becoming the standard of care.

MATERIALS AND METHODS
Clinical material

For each woman, the total number of tumors present were
counted and tissue was obtained from the myometrium and a
minimum of three UL (as in Cases 1-3) or up to five UL
when available (as in Cases 4-9), selecting the tumor with
the largest diameter first and others in a descending size
order. All collected tumors were then screened for
t(12;14)(q14-15;q23-24) and del(7)(q22q32) using
GTG-banded karyotyping according to established protocols
(9) or FISH. Selection of cases for further studies required
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the t(12;14) UL had matched myometrium and non-t(12;14)
UL samples acquired and screened concurrently with the kar-
yotypically abnormal tumor. Two UL with t(12;14) (Cases 1
and 2) and one UL that was mosaic for both t(12;14) and
del(7q) (Case 3) were obtained from surgical specimens at
Brigham and Women’s Hospital (BWH) through a Partners
HealthCare IRB-approved protocol between 1990 and 2004.
Six UL with t(12;14) (Cases 4—9) were identified from an
IRB-approved tissue bank of over 100 consented, premeno-
pausal, 25- to 50-year-old women who underwent myomect-
omy or hysterectomy at BWH between 2003 and 2007.
Diagnosis of UL was confirmed through medical record
review. Participants consented for the tissue bank also com-
pleted detailed epidemiological questionnaires surveying clin-
ical, reproductive, sexual, dietary and family history. Each
case was grossly confirmed to be a UL or myometrial speci-
men, and when possible, hematoxylin- and eosin-stained
tissue sections underwent pathologic evaluation (Table 1).

Fluorescence in situ hybridization

End-sequenced and FISH-verified bacterial artificial chromo-
somes (68) were selected using the University of California
Santa Cruz Biotechnology Genome Browser and Database
(http://genome.ucsc.edu) (69) and then obtained from the
RP11 library (BACPAC Resource Center at the Children’s
Hospital Oakland Research Institute, Oakland, CA, USA) or
the CTD library (Invitrogen). DNA was isolated from bacterial
cultures following a standard protocol consisting of alkaline
lysis, neutralization and ethanol precipitation.

UL with t(12;14)(q14-15;q23-24) were identified by the
presence of a fusion signal of probes RP11-185D13 located
at 12q14.3 and CTD-3225F7 at 14q24 by interphase FISH
on nuclei from fresh fixed cell pellets as described previously
(70). A total of 100 interphase nuclei were scored for each spe-
cimen. The probe set was validated on both normal meta-
phases from peripheral blood lymphocytes and on interphase
nuclei from karyotype-confirmed t(12;14) UL.

Immunohistochemistry for HMGA2

Detection of HMGA2 protein in formalin-fixed,
paraffin-embedded t(12;14) UL and matched non-t(12;14)
UL tissue sections for Cases 4 and 5 involved pressure
cooker heat-induced antigen retrieval for 2 min in citrate
buffer followed by a 20 min cool down, a 5min 0.05M
Tris/Tween 20 wash, a 5 min peroxidase block (Dako) and a
5 min Tris incubation. A 1:2000 dilution of a primary poly-
clonal anti-HMGA2 antibody (Biocheck, Inc.) was used for
40 min. The Envision Plus detection system (Dako) was then
applied, including a 30 min incubation with goat anti-rabbit
immunoglobulin conjugated to a peroxidase-labeled polymer
[horseradish peroxidase (HRP)] followed by a 5 min exposure
to the substrate diaminobenzidine (DAB) to produce a brown
precipitate visible by microscopy. Hematoxylin was used as
the counterstain. All steps were performed at room tempera-
ture unless otherwise noted. HMGA2 protein expression
(brown) versus background (blue) staining was evaluated
using a semi-automated image analysis system (ACISII, Chro-
mavision) (71), and the results of two separate sections from

each sample were averaged. HMGA?2 staining for each
t(12;14) UL sample is expressed as a fold change compared
with a matched non-t(12;14) UL from the same patient.

Immunohistochemistry for CCND1

Immunohistochemistry to detect CCND1 protein in t(12;14)
UL and matched non-t(12;14) UL for Cases 4 and 5 was per-
formed in the Specialized Histology Core of the Dana-Farber/
Harvard Cancer Center. Five-micron formalin-fixed,
paraffin-embedded tissue sections were deparaffinized and
subjected to antigen retrieval in a pressure cooker for 2 min
in citrate buffer. After washing, the endogenous peroxidase ac-
tivity was quenched (Peroxidase block, Dako) for 20 min and
slides were incubated with rabbit polyclonal anti-cyclin D1
antibody (1:40, Thermo Fisher Scientific) for 60 min. Follow-
ing washing, the Envision Plus detection system (Dako) was
applied, including a 30 min incubation with goat anti-rabbit
immunoglobulin conjugated to a peroxidase-labeled polymer
(HRP) followed by a 5 min exposure to the substrate diamino-
benzidine (DAB) to produce a brown precipitate visible by
microscopy. Hematoxylin was used as the counterstain. All
steps subsequent to antigen retrieval were performed at room
temperature. CCND1 protein expression (brown) versus back-
ground (blue) staining was evaluated by dividing each stained
tumor into four quadrants, visually assessing 20 nuclei in each
quadrant and then averaging the data from the four quadrants.
The results of two separate sections from each tumor were also
averaged. CCNDI1 staining for each t(12;14) UL sample is
expressed as fold change compared with a non-t(12;14) UL
from the same patient.

RNA isolation

A portion of each of the myometrial, non-t(12;14) UL and
t(12;14) UL tissues was frozen in liquid nitrogen immediately
after surgical removal or placed directly into RNAlater solu-
tion (QIAGEN). RNA was isolated using the RNeasy
Fibrous Tissue kit with a provided standard protocol
(QIAGEN) and assessed for purity and quantity on a Nanodrop
spectrophotometer (Thermo Scientific).

Q-PCR for HMGA2

Quantitative PCR was performed as previously described (14)
using the standard curve method and normalizing the level of
HMGA?2 in each tissue to that of GAPDH.

Q-PCR for CCNDI and CCND2

Total RNA from the t(12;14) and non-t(12;14) UL from each
of five women (Cases 1, 4, 6, 8 and 9) was examined for
CCNDI and CCNDZ2 gene expression. PCR was performed
on the ABI PRISM 7900HT Sequence Detection System in
a 384-well format. TagMan Universal PCR MasterMix and a
pre-designed and optimized Tagman Gene Expression Assay
for quantitation of human CCNDI or CCND2 RNA (Applied
Biosystems) were used according to the manufacturer’s
instructions. Each RNA was run in quadruplicate and the C;
(cycle threshold) values of these replicates were averaged



and then normalized by subtracting the C; value of the
co-amplified internal control housekeeping gene GAPDH for
a AC; value. Data analysis used the comparative C; method
where the AC; of a non-t(12;14) UL was used as a calibrator
reference and subtracted from the AC, of the corresponding
t(12;14) UL to yield a AAC, value. This was then converted
into a fold-change relative to one using the following
formula: CCNDI or CCND2 expression = 2722 For each
gene, this number was then averaged across the five samples.

Transcriptional profiling

Total RNA isolated from the myometrial, non-t(12;14) UL and
t(12;14) UL tissues from each of nine cases was assessed for
quality by RNA Nano LabChip analysis on an Agilent Bioana-
lyzer 2100 and then applied to GeneChip Human Genome
U133 Plus 2.0 oligonucleotide expression microarrays (Affy-
metrix). Standard protocols as described in the Affymetrix
GeneChip Expression Analysis Technical Manual revision 5
were employed at the Harvard Medical School—Partners
HealthCare Center for Genetics and Genomics (HPCGG).
Briefly, 5 pg of total RNA template from each sample was
reverse-transcribed into cDNA using oligo-dT primer contain-
ing T7 RNA polymerase-binding sites using the GeneChip Ex-
pression 3’-Amplification Reagents One-Cycle c¢DNA
Synthesis kit with subsequent purification of the double-
stranded product with Affymetrix GeneChip Cleanup
Module (Affymetrix). In vitro transcription to produce com-
plementary RNA (cRNA) using T7 Polymerase and biotiny-
lated dUTP and dCTP was performed with the GeneChip
Expression Amplification Reagents kit (Affymetrix) and the
biotin-labeled product quantitated on a UV plate reader
(Bio-Tek). Following purification and fragmentation to
reduce secondary structure, hybridization occurred overnight
at 45°C in a Model 640 hybridization chamber to expression
microarrays containing over 54 000 oligonucleotide probe
sets representing more than 47 000 transcripts and 38 500
well-characterized genes. Arrays were washed using a
Model 450 Fluidics station with GeneChip Operating Software
(Affymetrix) and then scanned by the GeneChip Model 3000
7G. Array images were inspected visually for experimental
artifacts and various quality measurements such as present
versus absent calls and RNA degradation were examined to
verify the quality of the data. Probe set expression values
were calculated by GeneChip software using the MAS 5.0 al-
gorithm. Probe sets with fewer than five present calls among
the t(12;14), non-t(12;14) and myometrium arrays were
excluded. Paired differential expression analysis (not account-
ing for percent mosaicism) between t(12;14) and non-t(12;14)
UL was computed using paired -tests in which tissue samples
were analyzed as matched pairs based on patient status.
Mosaicism-weighted paired differential expression analysis
was implemented in the Bioconductor (72) package limma
(73) by fitting a linear model with weights equal to the
percent mosaicism. All differential expression analyses were
corrected for multiple testing using the false discovery rate
(Q-value). Data analysis was carried out in the statistical lan-
guage R (http://www.r-project.org).

Expression data were deposited at the NCBI Gene Expres-
sion Omnibus (GEQO; http://www.ncbi.nlm.nih.gov/geo/); the
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series entry number is GSE18096 and the specific accession
identifiers are listed in Table 1.

Ingenuity Pathways Analysis and Gene Set Enrichment
Analysis

Functional analysis of the 374 probe sets with a P-value of
<0.005 from the t(12;14) UL-specific gene list weighted for
t(12;14) cell mosaicism was performed using IPA (Ingenuity
Systems, www.Ingenuity.com). Networks were generated to
look for interactions of the t(12;14) UL-specific genes with
others based on the literature as curated in the Ingenuity
Pathway Knowledge Base. Fisher’s exact test was used to cal-
culate statistical significance of a network, which is the prob-
ability of observing the number of genes from the t(12;14)
UL-specific gene list given the number of genes belonging
to the network. The network score is calculated by —log;g
(P-value). Networks with a score of 8—46 were highly signifi-
cant and included 7-25 genes from the t(12;14) UL-specific
list.

For the GSEA method, 700 gene ontology (GO) functional
annotations that have >20 genes and <500 genes were col-
lected from MSigDB (http://www.broadinstitute.org/gsea/m
sigdb/index.jsp; MSigDB ¢5 GO category). The extent of en-
richment (enrichment score) was calculated for the individual
GO categories using the weighted Kolmogorov—Smirnov
statistic as described previously (34). The significance was
determined based on 1000 gene permutation tests and adjusted
for multiple tests.

Analysis of merged del(7q) UL and t(12;14) UL data sets

The t(12;14) UL expression data and the published del(7q) UL
data (GEO accession GSE12814) (32), which used the same
array platform (GeneChip Human Genome U133 Plus 2.0),
were merged. The combined expression profile was processed
using ComBat (35) to adjust for batch effect. Agglomerative
hierarchical clustering was performed on the 1000 top variable
genes using Pearson’s correlation as distance with average
linkage. To test the hypothesis that myometrium from
t(12;14) versus del(7q) patients can be distinguished based
on expression profiles, the £~-NN method was employed (74).
In leave-one-out cross-validation tests for 16 predictions of
seven t(12;14) and nine del(7q) myometrium, the prediction
accuracy of 100% was achieved with a class predictor size
of 20 genes. We report nine genes (PLP1, MEST, PCDH?20,
SLC26A7, BCL11A4, PRL, LOC727770, CAPN6 and PLAGI)
that were observed in all 16 sets of class predictors.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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