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Abstract

High activity of aldehyde dehydrogenase (ALDH) is characteristic of normal and cancerous stem cells. Recently, high ALDH expression was shown
to be associated with poor prognosis in uterine endometrial adenocarcinoma. The population with high ALDH activity (ALDH-hi) was more invasive,
anti-apoptotic, and tumorigenic than that with low activity (ALDH-lo). Here, the transcriptional regulation of ALDHIAI gene, which is responsible for
ALDH activity, was examined in endometrial adenocarcinoma. The promoter region of ALDHIAI contained CCAAT and octamer binding motifs, and
their mutation diminished promoter activity. Among CCAAT-recognizing transcription factors, nuclear factor YA (NFYA) was involved in ALDHIAI
transcription. Two alternatively spliced isoforms of NFYA (NFYA-long and NFYA-short) have been reported. The sorted ALDH-hi population of
endometrial adenocarcinoma preferentially expressed NFYA-short, whereas ALDH-lo dominantly expressed NFYA-long. NFYA-short possessed higher
transactivation ability than did NFYA-long. In addition, an additive effect of NFYA with Oct-1, which recognizes octamer binding motif, was observed in
ALDHIAI transactivation. These results indicate that the alternatively spliced isoforms of NFYA, in cooperation with Oct-1, play an important role in

ALDHIAI expression in endometrial adenocarcinoma.
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Introduction

Tumors consist of heterogeneous cell populations derived
from a single clone. Recently, it has been demonstrated that
tumor cells with tumorigenic potential are limited to a small
population of cells, called cancer-initiating cells (CICs), in
several tumors, such as leukemia, breast, brain, and colon
cancers.'® Aldehyde dehydrogenase (ALDH) oxidizes reti-
nol to retinoic acid in the early stage of stem cell differen-
tiation, and hematopoietic and neural stem cells show high
ALDH activity.”'* Previous studies showed that CICs of
human multiple myeloma, acute myeloid leukemia, and
cancers of brain, lung, breast, and ovary expressed ALDH
at a high level, suggesting that ALDH activity might be a
common marker for both normal and malignant stem cell
populations.' ' Very recently, high activity of ALDH was
shown to be associated with poor prognosis in uterine endo-
metrial adenocarcinoma.” The population showing high
ALDH activity (ALDH-hi) of endometrial adenocarcinoma
was more invasive, anti-apoptotic, and tumorigenic than the
population with low activity (ALDH-10).**

The human ALDH superfamily consists of 19 genes,
among which ALDH1A1 is known to be expressed in stem
cells.” Yanagawa et al.** demonstrated that the CCAAT
motif located just upstream from the transcription initiation
site (=74 to —70; +1 shows transcription initiation site) was
essential for ALDHIA1 gene expression in hepatoma cell
line. The gel retardation assay revealed that the transcrip-
tion factor binding to CCAAT motif was nuclear factor Y
(NFY). The additive effect of NFY to Oct-1, which bound
the octamer (OCT) sequence adjacent to the CCAAT motif,
on ALDH1A1 gene transactivation has not been examined.
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Elizondo et al*> demonstrated the binding of CCAAT/
enhancer binding protein B (C/EBPP), instead of NFY, to
the CCAAT motif, which transactivated the mouse counter-
part of human ALDH1A1 gene.

NFY consists of 3 subunits; NFYA, NFYB, and NFYC.”
Two alternatively spliced isoforms of NFYA (NFYA-long
and NFYA-short) have been reported.”® NFYA-long con-
tains an exon encoding the majority of a glutamine-rich
transactivation domain, whereas NFYA-short lacks this.
NFYA-long and NFYA-short show distinct expression pat-
terns; the former is preferentially expressed in epithelial
cells and the latter in lymphoid cells.”” The level of NFYA-
long increases through mouse and human embryonic stem
(ES) cell differentiation, whereas NFYA-short is signifi-
cantly downregulated.”® Although the functional signifi-
cance of 2 NFYA isoforms remains to be elucidated, recent
data indicate that NFYA-short promotes self-renewal of
hematopoietic stem cells.”’

Here, we examined the transcriptional regulation of
ALDHI1AL1 gene in human endometrial adenocarcinoma
and found that the alternative spliced isoforms of NFYA
regulated the expression of ALDHIA1 gene in cooperation
with Oct-1.

Results

Promoter analysis of ALDHIAI gene. To identify the cis-
acting elements enhancing promoter activity of ALDHI1AI,
promoter region starting from nt —291 (Fig. 1A) was cloned
into luciferase reporter plasmid. When the reporter plasmid
was transfected to HEC-1 cells abundantly transcribing
ALDHI1A1 mRNA, strong luciferase activity was detected
(Fig. 1A). When CCAAT and OCT motifs, previously
reported to mediate ALDH1A1 transactivation, were mutated,
the luciferase activity decreased significantly (Fig. 1B).

Several transcription factors, such as NFYA and C/
EBPB, recognize the CCAAT motif. Yanagawa et al**
reported that NFYA recognizes the CCAAT motif of the
ALDHIAI promoter, whereas Elizondo et al** reported that
C/EBP, instead of NFYA, recognizes it. In HEC-1 cells,
the dominant negative form of NFYA but not of C/EBPB
reduced luciferase activity (Fig. 1C), indicating that NFYA
but not C/EBPp was involved in ALDH1A1 promoter activ-
ity. Moreover, the dominant negative form of NFYA but not
of C/EBP reduced the proportion of cells with high ALDH
activity (Fig. 1D).

The luciferase assay was also done with HEC-1A, which
abundantly expresses ALDH1AI1, to examine whether
CCAAT and OCT motifs were effective in cell lines other
than HEC-1. Comparable results were obtained in HEC-1A
cells (Fig. 1B), indicating that CCAAT and OCT motifs
mediated transactivation of ALDH1AT1 gene in both HEC-1
and HEC-1A cells.
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Figure |. Promoter analysis of ALDHIAI gene. (A) Promoter region
of ALDHIAI gene. The CCAAT and OCT motifs are underlined. The
transcription initiation site (+1) is shown with an arrow. (B) Luciferase
activity in HEC-1 and HEC-| A cells. The luciferase activity obtained in the
reporter plasmid mutated at CCAAT or OCT motif was divided by that
of the reporter plasmid containing intact motifs, and the result is shown
as relative luciferase activity. (C) Effect of dominant negative C/EBPf
and NFYA. (D) ALDH activity in HEC-| cells overexpressing dominant
negative forms of C/EBPf and NFYA.ALDH-hi cells were stained in green,
and cells overexpressing dominant negative forms were stained in red.The
merged (left) and phase-contrast (middle) images and the proportion of
ALDH-hi cells (right) are shown. ALDH-hi cells overexpressing dominant
negative forms are indicated with arrowheads. The values are mean + SE
of 3 experiments. *P < 0.05.

Co-expression of ALDH A with NFYA and Oct-1. Co-expres-
sion of ALDH1A1 with NFYA and Oct-1 was immunohisto-
chemically examined. ALDHIA1-expressing endometrial
adenocarcinoma cells expressed NFYA abundantly (Fig. 2A
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Figure 2. Co-expression of ALDHIAI with NFYA and Oct-1 in
endometrial adenocarcinoma and the preferential expression of
alternatively spliced isoforms of NFYA. Double staining of ALDHIAI
with NFYA (A and B) and with Oct-I (C and D). ALDHIAI expression
is shown in brown (A) and NFYA in red (B). Tumor cells expressing both
ALDHIAI and NFYA are shown with arrows and those expressing NFYA
alone with arrowheads. ALDHIAI expression is shown in brown (C) and
Oct-1 in red (D). Tumor cells expressing both ALDHIAI and Oct-1 are
shown with arrows and those expressing Oct-| alone with arrowheads.
Magnification is 400%. (E) Dot blot analysis of ALDH-hi and ALDH-lo
populations of HEC-I and HEC-IA.These 2 populations are boxed. (F)
RT-PCR analysis of NFYA-long and NFYA-short in the sorted ALDH-hi
and ALDH-lo populations. The intensity of both NFYA-long and NFYA-
short is quantified, and its ratio is shown. Experiments were repeated 3
times, and the representative result is shown.
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Figure 3. Synergistic effect of NFYA and Oct-| and the comparison of

NFYA-long and NFYA-short transactivation abilities. The values are mean

+ SE of 3 experiments. *P < 0.05.

and 2B, arrows). ALDH1A1 expression negative adenocarci-
noma cells also expressed NFYA (Fig. 2A and 2B, arrow-
heads). The Oct-1 expression pattern was similar to NFYA;
both ALDHI1A1 expression positive and negative cells
expressed Oct-1 (Fig. 2C and 2D, arrows and arrowheads,
respectively).

Distinct expression of NFYA-long and NFYA-short in ALDH-hi
and ALDH-lo populations. The amount of NFYA-long and
-short in the sorted ALDH-hi and ALDH-lo populations of
HEC-1 cells (Fig. 2E) was examined by RT-PCR. To check
the purity of sorted cells, ALDH activity was examined just
after sorting. Although a limited number of ALDH-lo cells
were detected, most of cells showed high ALDH activity in
the sorted ALDH-hi population (Suppl. Fig. S1). The inten-
sity of NFYA-long was comparable to that of NFYA-short
in the ALDH-hi population (Fig. 2F). In contrast, the inten-
sity of NFYA-long was significantly stronger than that of
NFYA-short in the ALDH-lo population. The ratio of
NFYA-long to -short was significantly lower in the ALDH-
hi population, indicating that ALDH-hi and ALDH-lo pop-
ulations of HEC-1 preferentially expressed NFYA-short
and NFYA-long, respectively. The distinct expression pat-
tern of NFYA-long and NFYA-short was also detected in
HEC-1A (Fig. 2F). In HEC-108 cells, another endometrial
adenocarcinoma cell line, NFYA-long and NFYA-short
showed a distinct expression pattern between ALDH-hi and
ALDH-lo populations (Fig. 2F).

Additive effect of NFYA with Oct-1 on ALDHIAI promoter
activity. When transfected with both NFYA-long and Oct-1,
the luciferase activity increased compared with that obtained
by transfection with NFYA-long alone (Fig. 3). The co-trans-
fection of NFYA-short with Oct-1 increased luciferase activ-
ity compared with that obtained by NFYA-short alone
(Fig. 3). These findings indicated that NFYA and Oct-1 addi-
tively transactivated ALDHIA1 promoter. NFYA-short
showed higher luciferase activity than NFYA-long (Fig. 3),
suggesting that the transactivation effect on ALDHIAI gene
was stronger in NFYA-short than that in NFYA-long.

Discussion

In the current study, ALDH1A1 transcriptional regulation was
examined in endometrial adenocarcinoma. As previously
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observed in hepatoma,”* the CCAAT motif was important for
ALDHIALI transcription in endometrial adenocarcinoma,
because the promoter activity was completely abolished by
the mutation at CCAAT motif. The current study revealed that
the mutation at OCT motif abolished ALDH1A1 promoter
activity in endometrial adenocarcinoma, which was consis-
tent with the previous study that Oct-1, a transcription factor
recognizing OCT motif located adjacent to CCAAT, affects
NFYA binding in hepatoma.”* Both NFYA and Oct-1 appeared
to additively transactivate ALDH1A1 promoter in endome-
trial adenocarcinoma.

Several transcription factors are known to recognize
CCAAT motif. Elizondo et al® reported that C/EBP,
instead of NFYA, recognizes the CCAAT motif in the
mouse counterpart of the human ALDH1AT1 gene. To exam-
ine which transcription factor was involved in ALDH1A1
transactivation, the dominant negative C/EBPBor NFYA
was overexpressed in endometrial adenocarcinoma. No
effect was observed on ALDH1A1 promoter activity when
the dominant negative C/EBPBwas expressedIn contrast,
the dominant negative NFYA reduced the promoter activity,
indicating that the transcription factor involved in
ALDHI1AL transcription was NFYA in human endometrial
adenocarcinoma.

The simplest model for transcriptional regulation is that
the presence of a transcription factor that enhances pro-
moter activity is correlated with the expression of target
gene; that is, the transcription factor expresses only when
the target gene is activated. When expression of NFYA or
Oct-1 is positively correlated with ALDH1A1 transcription,
the transcriptional regulation of ALDH1A1 gene could be
explained by this simplest model. The co-expression of
ALDHI1AT1 with NFYA and Oct-1 was immunohistochemi-
cally examined. Unexpectedly, NFYA and Oct-1 were pres-
ent not only in ALDH1A1 expression positive cells but also
in negative cells.

Another explanation for transcriptional regulation was
that the character of transcription factors was different
between target gene-on and target gene-off status. Two
alternatively spliced isoforms of NFYA were reported:
NFYA-long and NFYA-short.”” Mouse and human ES cells
in immature status dominantly express NFYA-short. Dur-
ing the differentiation process of ES cells, the expression
level of NFYA-short reduces and that of NFYA-long
increases.” These findings suggest that NFYA-short may
play an important role for maintenance of stemness.***’ The
ALDH-hi population in HEC-1, HEC-1A, and HEC-108
preferentially expressed NFYA-short, whereas the ALDH-
lo population dominantly expressed NFYA-long. The trans-
activation ability of NFYA-short on ALDHIA1 gene was
stronger than that of NFYA-long. These findings suggested
that the high expression of ALDH1A1 appeared to be due to
a predominantly expressed isoform of NFYA, NFYA-short.

Since ALDH1A1 was a marker for CICs of endometrial
adenocarcinoma, the current results are consistent with the
notion that NFYA-short was involved in the maintenance of
stemness.”**

Taken together, the transcription of ALDHIA1 gene
was additively regulated by NFY and Oct-1. In particular,
the alternatively spliced isoforms of NFYA played an
important role for ALDHIA1 expression in endometrial
adenocarcinoma.

Materials and Methods

Cells. Endometrial adenocarcinoma cell lines HEC-1,
HEC-1A, and HEC-108 were obtained from the Health Sci-
ence Research Resources Bank of Osaka, Japan. Cells were
cultured in DMEM (Wako, Tokyo, Japan) supplemented
with 10% fetal calf serum (FCS, Nippon Bio-Supply Cen-
ter, Tokyo, Japan).

Promoter analysis by luciferase assay. The promoter region
of ALDHI1A1 gene starting from nt —291 was amplified
with PrimeStar Max DNA polymerase (Takara, Kyoto,
Japan) and cloned into pSP-Luc reporter vector containing
luciferase gene as described previously.*® The mutation at
CCAAT motif (CCAAT to CTGAT) and OCT motif (ATG-
CAAAT to CTGAACAT) was introduced by PCR and veri-
fied by sequencing. The coding region of NFYA (both
NFYA-long and NFYA-short) and Oct-1 was also amplified
with PrimeStar Max DNA polymerase and cloned into
p3xFlag-CMV7.1 expression vector (Sigma, St Louis, Mis-
souri). The constructed reporter plasmid (1 pg) was tran-
siently transfected into HEC-1 or HEC-1A, together with
0.2 pg of the phRL-TK containing Renilla luciferase gene
(Promega, Madison, Wisconsin) using Transfast transfec-
tion reagent (Promega). Twenty-four hours after transfec-
tion, the luciferase activity was measured by Dual Luciferase
Reporter Assay Kit (Promega). In some experiments, the
dominant-negative form of C/EBPP*' tagged with Myc and
NFYA?* tagged with HA, or the expression plasmid con-
taining NFYA or Oct-1 was co-transfected.

ALDH activity in cells overexpressing dominant negative
forms of C/EBPJ and NFYA. Plasmids containing the domi-
nant-negative form of C/EBPp tagged with Myc and NFYA
tagged with HA were transiently transfected to HEC-1 cells.
To examine ALDH enzymatic activity in transfected cells,
the Aldefluor kit (Stem Cell Technologies, Vancouver,
Canada) was used according to the manufacturer’s instruc-
tion. Briefly, cells were suspended in Aldefluor assay buffer
containing ALDH-substrate BODIPY-aminoacetaldehyde
(BAAA). BAAA was taken up by living cells and converted
by intracellular ALDH into BODIPY-aminoacetate, which
causes the cells to become brightly fluorescent. As a
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negative control, cells were stained under the identical con-
ditions with the specific ALDH inhibitor, diethylaminoben-
zaldehyde (DEAB, Sigma). After staining with BAAA,
cells were incubated with anti-Myc or anti-HA (Clontech,
Palo Alto, California), followed by incubation with
Alexa546-conjugated secondary antibodies. The brightly
green fluorescent ALDH-expressing cells and the red fluo-
rescent dominant negative C/EBPf and NFYA overexpress-
ing cells were detected with fluorescence microscope
(Biozero, Keyence, Osaka, Japan).

Double staining of ALDHIAI with NFYA and Oct-I. The
expression of ALDH1A1, NFYA, and Oct-1 was examined
with anti-ALDH1 (BD Biosciences, Franklin Lakes, New
Jersey), NFYA (Abcam Ltd, Cambridge, UK), and Oct-1
(Thermo Scientific, Rockford, Illinois), respectively. A his-
tological specimen of a patient with endometrial adenocar-
cinoma was fixed in 10% formalin and routinely processed
for paraffin embedding. Paraffin-embedded specimens
were stored in a dark room in the Department of Pathology
of Osaka University Hospital at room temperature, sec-
tioned at 4 um thickness at the time of staining, and stained
with immunoperoxidase procedure. Double staining
of ALDHIA1 with NFYA and Oct-1 was done with EnVi-
sion G/2 doublestain system (DAKO Denmark, Glostrup)
according to the manufacturer’s protocol: ALDHI1A1
expression was colored with DAB and NFYA or Oct-1 with
Permanent Red. Since the red fluorescence is released from
Permanent Red, the signal of NFYA and Oct-1 was detected
with fluorescence microscope (Biozero, Keyence, Osaka,
Japan). The study was approved by the ethical review board
of Graduate School of Medicine, Osaka University.

Sorting of ALDH-hi and ALDH-lo populations. To isolate
populations with high ALDH enzymatic activity, the Alde-
fluor kit (Stem Cell Technologies) was used. The brightly
fluorescent ALDH-expressing cells were detected with
FACS Aria (BD Biosciences). Data were analyzed by using
Cell Quest software (BD Biosciences). Cells with bright
fluorescence are judged as ALDH-hi and those with no or
faint fluorescence as ALDH-lo. ALDH-hi and ALDH-lo
populations were sorted separately with FACS Aria.

RT-PCR. RNA was extracted from the sorted ALDH-hi
and ALDH-lo cells using an RNeasy kit (Qiagen, Valencia,
California) with DNase I treatment. Total RNA was sub-
jected to reverse transcription by Superscript 11 (Invitro-
gen, Carlsbad, California), and the single strand cDNA was
obtained. The alternatively spliced isoforms of NFYA were
amplified with primers (5-ATGGAGCAGTATACAG
CAAACAGCAATAGT and 5-TGATGGTTTGACCTT
GTCCA) and electrophoresed in agarose gel. The density
of NFYA-short and NFYA-long fragments was quantified
with Image] software (http://rsbweb.nih.gov/ij/).

Statistical analysis. Statistical analysis for experimental
studies was carried out using Student # test. The values are
shown as the mean =+ standard error of at least 3 experi-
ments. P <0.05 was considered to indicate statistical
significance.
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