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Abstract

The human (h) growth hormone/chorionic somatomammotropin (GH/CS) gene locus presents a
unique model to gain insight into the molecular mechanisms that have allowed a closely related
family of genes to be expressed in two distinct cell lineages/tissues: pituitary somatotrophs and
placental syncytiotrophoblasts. However, studies of external factors that regulate gene expression
have been somewhat limited by (i) a lack of human cell lines expressing endogenous GH or CS
appropriately; and (ii) the fact that the GH/CS locus is unique to primates and thus does not exist
in rodents. In the current study, a transgenic (171hGH/CS-TG) mouse was generated containing
the intact hGH/CS gene cluster and hGH locus control region (LCR) in a 171-kilobase DNA
fragment. Pituitary and placental-specific expression of hGH/CS RNA was detected at embryonic
day (E) 18.5. Immunostaining of hGH was seen in somatotrophs of the anterior pituitary beginning
in late gestation. The presence of hCS protein was detected in the placental labyrinth in
trophoblasts functionally analogous to the syncytiotrophoblast of the chorionic villi. This pattern
of gene expression is consistent with the presence of essential components of the hGH/CS LCR.
Transcript levels for hCS-A, hCS-B and placental hGH-variant increased in 171hGH/CS-TG
placenta during gestation (E11.5-E18.5), as previously observed in human placental development.
Throughout gestation, hCS-A RNA levels were proportionately higher, accounting for 91% of
total CS RNA by E18.5, comparable to term human placenta. Finally, the previous correlation
between the transcription factor AP-2a. and hCS RNA expression observed in developing primary
human cytotrophoblast cultures, was extended to pregnancy in the 171hGH/CS-TG mouse. The
171hGH/CS-TG mouse thus provides a model to investigate hGH/CS gene expression, including
in pregnancy.
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1. Introduction

The human growth hormone/chorionic somatomammotropin (hGH/CS) locus presents a
unique model to investigate the molecular mechanisms by which a group of recently
evolved, and thus closely related, genes have become specialized to express related
hormones in two distinct tissues. The five hGH/CS gene family members, including pituitary
growth hormone (GH-N) as well as placental GH variant (GH-V), and the placental lactogen
or CS genes (CS-A, CS-B, and CS-L), are contained within a single 47-kilobase (kb) locus
on chromosome 17 [1]. The five GH/CS genes are aligned in the same transcriptional
orientation in the order 5"-GH-N/CS-L/CS-A/GH-V/CS-B-3’, share 90-99% sequence
similarity and are believed to have evolved by gene duplication [1]. In spite of the sequence
homology between the GH/CS genes, GH-N is expressed in pituitary somatotrophs, while
CS and GH-V are expressed specifically in the villus syncytiotrophoblast of the placenta [1].
This distinguishes the GH/CS locus from the more extensively studied B-globin locus, where
expressionis restrictedto a single tissue type (erythroid tissues) with varied expression during
developmental stages [2].

The GH family plays fundamental roles in fetal as well as adult growth and development.
Pituitary GH-N functions in post-natal growth, development and homeostatic regulation. In
pregnancy, pituitary GH is replaced in the maternal bloodstream by its placental
counterparts. The primary role of CS seems to be to provide a continuous supply of
metabolic substrates, especially glucose, to the fetus in an indirect manner by influencing
maternal metabolism through its insulin antagonistic activity [3,4]. Some evidence also
supports a direct action on fetal growth and metabolism [3,4]. Maternal deletion of the
placental GH/CS genes in a human mother resulted in the birth of a severely growth-retarded
but otherwise normal newborn [5].

Distinct mechanisms of pituitary versus placental expression are reflected in the chromatin
structure of the hGH/CS locus and participation of specific transcription factor complexes
[6]. Understanding the molecular mechanisms underlying these dynamic relationships for
the hGH/CS gene family has been somewhat limited by the absence of readily usable model
systems, including human tissue, to study gene expression in a developmental context /in
situ. This is due, in part, to the absence of appropriate human pituitary or placental cell lines
capable of efficient hGH or hCS expression. While rodent cell systems exist, the
organization of the five pituitary and placental GH/CS genes in the human locus is peculiar
to primates; the placental lactogen genes in mice and rats are more related structurally and
functionally to prolactin than GH [7]. A technical difficulty has also been the length of
regulatory DNA needed to drive appropriate GH/CS gene expression. While the expression
of rat GH appears to be controlled by proximal sequences (within 310 base pairs upstream of
the transcription initiation site) [8,9], a locus control region (LCR) including remote
sequences located 14-32 kilobases (kb) upstream of the human GH gene [10], is required for
tissue-specific expression of the pituitary GH-N gene and placental CS-A gene /n vivo[11].
Furthermore, the LCR was shown in these transgenic mouse studies to confer expression of
‘appropriate” levels of pituitary GH, reflecting combined products of human and mouse GH-
N genes, such that no apparent difference in animal size was detected [10].
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The GH LCR contains regulatory sequences associated with five nuclease hypersensitive
sites (HSI-V) including those reported to be specific to the pituitary (HSI/II) and placenta
(HSIV) as well as constitutive (HSIII and HSV) in nature [10,12]. These sites are found in
the loci of the adjacent lymphocyte-specific CD79b and skeletal muscle sodium channel a-
subunit SCN4A genes [13,14]. This chromosomal arrangement has been conserved, at least
in mammals [15,16], which is consistent with the idea that this organization of genes is not
without regulatory significance.

In the case of the hGH-N gene, binding of the pituitary-specific POU homeodomain
transcription factor Pit-1 to sites within HSI/II [17] is essential for further histone
modifications and generation of an active and efficient hGH-N promoter in pituitary
somatotrophs /n vivo [11]. Placenta-specific expression, including that of human hormone
genes such as chorionic gonadotropin and corticotropin-releasing hormone, has been linked
with members of the activator protein 2 (AP-2) transcription factor family [18-20]. The
AP-2 family was also shown to regulate levels of both rat [21] and human placental lactogen
(hCS in humans), through elements in both the proximal promoter [22,23] and remote
sequences in the upstream LCR [24]. Direct involvement of AP-2 in hCS expression was
indicated by downregulation of hCS RNA levels in cultured human cyto/
syncytiotrophoblasts treated with a dominant negative AP-2 adenoviral vector ([25] and our
unpublished observations).

Previous studies to assess hGH/CS expression and dissect the mechanism of tissue-specific
expression have relied largely on human choriocarcinoma cell lines, short-term primary
human placental cultures and transgenic mice containing truncated hGH or an incomplete
hGH/CS gene locus. The latter includes the absence of the hCS-B gene and thus potential
placental enhancer activity associated with downstream flanking sequences, as identified
through reporter gene and transfection studies of human placental cell cultures. Here we
describe the characterization of a transgenic mouse model (171hGH/CS-TG) containing all
five hGH/CS genes as well as flanking CD79b and SCN4A genes, encompassing the HSI-V
regions that comprise the hGH LCR. The pattern of pituitary hGH-N and placental hCS gene
expression observed, as well as the apparent normal growth of the 171hGH/CS-TG mice, are
consistent with the presence of an intact hGH LCR.

2. Materials and methods

2.1. Placental tissue and cells

Collection of term placental tissue was carried out under the approval of the Bannatyne
Campus Research Ethics Board of the University of Manitoba. Term placentas were
collected from routine births at the Women’s Hospital (Winnipeg, MB) as discarded tissue
with no connection to the identity or family history of mother or baby. Early placental tissue
(12 weeks) was obtained as a donation of discarded tissue from the clinic of Dr. Chui Kin
Yuen of the Women’s Hospital.
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2.2. Generation of 171hGH/CS-TG mice

All animals were housed and treated according to standards and guidelines set by the
Canadian Council for Animal Care. The investigation was conducted in accordance with the
National Research Council (NRC) publication Guide for Care and Use of Laboratory
Animals (copyright 1996, National Academy of Science). All protocols and procedures
involving animals were reviewed and approved by the Bannatyne Campus Protocol
Management and Review Committee at the University of Manitoba.

A BAC clone (RP11-1119G22, 180 kb total length including vector) containing the entire
hGH/CS gene cluster and upstream LCR was obtained with kind assistance from the TCAG
Genome Resource Facility (Hospital for Sick Children, Toronto, ON). Through sequence
alignment with Genbank Accession numbers AC005803 and J03071, the BAC DNA
fragment was found to encompass 171 kb of human genomic DNA corresponding to
sequence from 110.7 kb upstream to 61.3 kb downstream of the hGH-N transcription
initiation site. The clone was linearized by the rare-cutting enzyme P1-Scel, followed by
purification using a Clontech tip20, then introduced into the pronuclei of single-cell zygotes
from CD1 mice. Injected embryos were subsequently transferred to the oviduct of surrogate
mothers and brought to term [17]. Genomic DNA was extracted from tail tissue using
DNeasy Blood & Tissue Kit (Qiagen). The presence of human DNA sequences in the
genomes of the resulting founder animals was detected by DNA (Southern) blotting, using
BamH1 and EcoRlI digestion and hybridization with radioactive-labeled hGH cDNA, HSV,
HSIII, and HSI/II fragments, respectively. Two transgenic male founders were bred with
female CD1 mice. Mice from the F1 generation carrying the intact hGH/CS locus were
crossbred and maintained in a CD1 genetic background. Mice used for assessment of RNA
by PCR were heterozygous; for immunohistochemistry, homozygotes were bred.

2.3. Detection of RNA by reverse transcription and quantitative polymerase chain reaction

(PCR)

Total RNA was obtained using the RNeasy Plus Mini Kit (Qiagen), from embryonic (E11.5,
E13.5, and E18.5) and adult tissues of wild type and BAC transgenic mice. Placental tissue
was enriched for labyrinthine cells by careful dissection using the anatomy described by
others [26]. RNA (1 pg) from different tissues was used for reverse transcription by the
QuantiTect Reverse Transcription Kit (Qiagen), according to the manufacturer’s instructions.
Quantitative real-time PCR (QRT-PCR) analyses were performed in an iCycler (Bio-Rad)
with specific primers (see Table 1) and 0.1 ug cDNA in each reaction. Reaction volumes of
30 pl consisted of the following components: 2.5 mM MgCl,, 0.025% DMSO, 0.6 pl
(1:1000 dilution) of SYBR green (Sigma, S9430), 0.3 pl (1:1000 dilution) of fluorescein
calibration dye (Bio-Rad, Cat# 170-8780) and 0.75 units platinum Tag DNA polymerase
(Invitrogen). Thermal cycling was initiated with a 4-min denaturation at 95 °C, then
followed by 40 cycles of 95 °C for 30 s, annealing at 60 °C for 15 s and 72 °C for 30 s.
Standard curves were generated using plasmids containing the amplicon sequences for CS-
A, CS-B, GH-V, AP-2a, AP-2y and GAPDH. Minus RT controls were performed using the
same PCR primers and thermal cycle conditions and no genomic DNA contamination was
detected. Specific amplifications were identified by a single peak in the melting curve and a
single band in the final PCR product visualized on an agarose gel. The gene expression level
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in each sample was calculated from the standard curve and normalized to mouse or human
GAPDH expression as appropriate. Tests were run in duplicate on independent samples
(multiple pups/placentas from two or more pregnant mothers). All amplicon sequences were
confirmed by sequencing.

Transgene copy number was estimated by the 2722Ct method using quantitative PCR [27].
ACt was calculated from the cycle threshold (Ct) of the HSI/II region minus the Ct for the
endogenous glucagon gene using DNA from F-74 transgenic mice, and this was compared to
the value of ACt in a human placental (JAR) cell line; the primers used to assess the mouse
and human glucagon genes were identical (see Table 1 for primer sequences). This
assessment was confirmed by DNA (Southern) blotting.

2.4. Immunohistochemistry

Adult mouse pituitary, E18.5 mouse placenta and human term placenta were fixed in 10%
neutral buffered formalin for 24 h at room temperature. Paraffin sections (5 um) were
deparaffinized and rehydrated, followed by microwave antigen retrieval [28]. The sections
were pretreated with 3% H,0, to deactivate endogenous peroxidase and incubated with 5%
normal serum from the same species as the secondary antibody for 30 min at room
temperature or 4 °C overnight for blocking the non-specific binding of 19gG. For
immunoperoxidase staining, rabbit anti-rat GH antibody cross-reacting with mGH (1:20,000
dilution, National Hormone and Pituitary Program (NIDDK), Torrance, CA) or rabbit anti-
human placental lactogen (1:10,000 dilution, DakoCytomatin, Denmark) was applied
overnight at 4 °C after removing normal serum. This was followed by incubation (30 min)
with biotinylated anti-rabbit 1gG (1:500 dilution, Jackson ImmunoResearch Laboratories). A
mouse-on-mouse kit (BioGenex, San Ramon, CA) was applied according to the
manufacturer’s instructions for mouse anti-hGH (1:400 dilution, AbCam, Cambridge, MA)
on mouse tissue for optimum staining. Positive signals were visualized with streptavidin—
biotin—peroxidase and revealed with chromogen 3,3’-diaminobenzidine (DAB) and counter
stained with haematoxylin. For immunofluorescent staining, sections were incubated with
rabbit anti-rat GH overnight at 4 °C after quenching endogenous peroxidase and blocking
non-specific binding. The next day, mouse anti-human GH (1:400 dilution) was applied to
sections after biotin labeling using a mouse-on-mouse kit, and were picked up by
streptavidin—horse-radish peroxidase that catalyzes the deposition of fluorescein-labeled
tyramide amplification reagent (Tyramide Fluorescence systems, NEN Life Science
Products Technical). Mouse GH was visualized by anti-rabbit Cy3 (1:400 dilution,
Invitrogen). For both peroxidase and fluorescence, specificity of staining was checked
routinely by omitting primary antibody and confirming a loss of signal.

2.5. Statistical analysis

Data were analyzed using Instat (GraphPad) software by one-way ANOVA with Tukey—
Kramer post-tests for multiple comparisons. Differences with a p value <0.05 were
considered statistically significant.
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3. Results

3.1. Detection of the human GH/CS gene locus in transgenic mice

A 171-kb stretch of human genomic DNA was identified from a BAC library to contain the
intact hGH/CS locus (described in Section 2), purified and introduced into mouse zygotes by
pronuclear injection. Out of 45 potential transgenic founder mice, two (F-74 and F-81)
containing the hGH LCR were identified by PCR detection of the HSI/II region.
Descendents of each of these founders appeared indistinguishable in size from non-
transgenic mice, bred normally, and gave rise to normal litters (8-12 mice). Long-range
integrity of the hGH/CS gene locus was assessed in these animals by restriction
endonuclease digestion and DNA blotting (Fig. 1). Based on the expected fragment sizes
shown in Fig. 1A, digestion with either BamHI or EcoRI revealed that both F-74 and F-81
contained all five hypersensitive sites, and thus an intact hGH LCR (Fig. 1B-D). However,
when BamHI-digested DNA was probed with hGH-N cDNA, samples from only one of the
mice (F-74) yielded fragments corresponding to each of the five members of the hGH/CS
family [29]: specifically 8.4 kb for hCS-L, 6.6 kb for hCS-B, 5.3 kb for hCS-A, 3.8 kb for
hGH-N, and 3.0 kb for hGH-V (Fig. 1E). Fragments corresponding to hGH-V and hCS-B
were not detected in F-81 DNA, indicating a truncated hGH/CS locus. Transgene copy
number was estimated in a heterozygous F-74 mouse using quantitative PCR [27].
Calculation of 272ACt revealed that the quantity of HSI/Il DNA in transgenic mice was half
that found in JAR cells, representing the homozygous situation (0.580 + 0.004 versus 1.00
+ 0.24 respectively). These data are consistent with the presence of a single intact hGH LCR
extending 43 kb upstream of the hGH-N promoter, and thus, expected to contain the intact
human CD79b and SCN4A genes in addition to those for GH-N, CS-L, CS-A, GH-V and
CS-B in the F-74 mice.

3.2. Pituitary and placental expression of the human GH/CS transgene

To assess for tissue-specific expression of hGH/CS RNA, gestation was terminated at
embryonic day (E) 18.5 and RNA was isolated from embryonic tissues (brain, kidney, liver,
spleen, testis and placental labyrinth) as well as adult pituitary of F-74 (now referred to as
171hGH/CS-TG) and non-transgenic (non-TG) mice. RNA was screened by RT-PCR with
primers used previously to detect transcripts from any of the hGH/CS genes [30], and mouse
(m) GAPDH RNA from each tissue was also amplified to correct for variation (Fig. 2A).
The presence of hGH/CS transcripts was readily detected in pituitary and placenta tissue, but
not in other tissues as analyzed (Fig. 2A). In addition, restriction enzyme analysis of the
hGH/CS RT-PCR product confirmed the absence of hGH in transgenic labyrinth, and the
absence of hCS in transgenic pituitary (Fig. 2B).

The distribution of hGH/CS in transgenic pituitary and placenta tissue was examined by
immunohistochemistry. Histological sections of anterior pituitary tissue from 171hGH/CS-
TG and non-TG mice were detected using primary antibodies against either mGH or hGH
(Fig. 3). Evidence of cells staining for mGH, and thus detection of somatotrophs, were
apparent in the anterior pituitary of both 171hGH/CS-TG and non-TG mice. In contrast,
detection of hGH was specific to 171hGH/CS-TG mice (Fig. 3). Expression of both mGH
and hGH in the same cell (as determined from colocalization of immunofluorescence, Fig.
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3C-E) indicated that hGH was expressed in the somatotrophs of the anterior pituitary of
171hGH/CS-TG mice. Analysis of embryonic pituitaries by similar means showed the
appearance of hGH in the anterior pituitary between E13.5 and E18.5 (Fig. 4).

Regions of wild type and 171hGH/CS-TG mouse placenta were screened with primary
antibodies to hCS (human placental lactogen) (Fig. 5). A specific signal above background
was evident in the placental labyrinth of TG compared to non-TG mice at E18.5 (Fig. 5C).
Cells in the labyrinth that gave specific staining for hCS were positioned adjacent to the
maternal—fetal interface. Although some staining was observed in trophoblast giant cells and
spongiotrophoblasts, this was considered ‘background’ staining, as levels were the same as
those seen in non-TG mouse placenta (Fig. 5A—-C). Sections through human term placenta
and umbilical cord were also assessed as positive and negative controls, respectively (Fig.
5D). As expected, the outer syncytiotrophoblast layer of placental villi stained intensely for
hCS, and no significant signal was detected in the umbilical cord sections.

3.3. Expression profiles for placental GH/CS genes during gestation in 171lhGH/CS-TG

mice

The relative expression of hCS-A, hCS-B and hGH-V RNA in the placental labyrinth region
of 171hGH/CS-TG mice was determined by qRT-PCR at different stages of pregnancy/
embryonic development (Fig. 6A). Levels of all three hCS/GH-V RNAs (relative to
GAPDH) increase as gestation progresses; however, the amount of hCS-A transcripts
detected exceeds that of hCS-B and hGH-V at all three time points by at least an order of
magnitude. For further comparison, the expression of hCS-A and hCS-B was assessed by
gRT-PCR in human term placenta (Fig. 6B). The low level of RNA expression detected in
TG mice compared to human term placenta is consistent with the intensity of hCS staining
detected by immunohistochemistry (Fig. 5). However, the proportion of hCS-A in human
term and E18.5 transgenic mouse placentas is comparable, with values of 88.1 £ 5.3 (n=4)
and 91.3 + 4.0% (n7=10) of total hCS RNA, respectively.

3.4. Expression of AP-2a but not AP-2y correlates with placental GH/CS expression

The transcription factor AP-2 has been linked with hCS expression in human
syncytiotrophoblast cells [22-24], and both AP-2a and AP-2y were found to increase hCS
promoter activity /n vitro. Here, we used 171hGH/CS-TG mice to further explore a link
between AP-2a versus AP-2y and hCS gene expression during pregnancy. The relative
AP-2a and AP-2y RNA levels were assessed in the placental labyrinth region from at least
three independent 171hGH/CS-TG mice at different stages of pregnancy (E11.5, E13.5 and
E18.5) by gRT-PCR (Fig. 7A). AP-2y transcripts exceed those of AP-2a at all time points
assessed including (close to term) at E18.5. Although there appears to be a decrease in
AP-2y RNA levels as gestation progresses, there was, however, no significant difference
between the levels of AP-2vy transcripts detected at E11.5, E13.5 and E18.5. In contrast, the
amount of AP-2a transcripts appears to increase significantly from E11.5 to E18.5, which
correlates with the increase in hCS RNA levels. This is reflected in the increasing proportion
of AP-2a transcripts: AP-2a. RNA represents 9.8 + 2.6% of total AP-2 at E11.5, 21.2
+4.6% at E13.5 and 38.4 + 5.3% at E18.5 (1= 6 for each). In spite of this, and an apparent
increase in total AP-2 (a plus y) at E18.5, there was no significant difference between
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values for total AP-2 at E11.5, E13.5 and E18.5 (n7= 6). For comparison, AP-2a. versus
AP-2y RNA relative to GAPDH was assessed in samples of human placenta at 12 and 40
weeks (term) by gRT-PCR (Fig. 7B). Although AP-2a transcripts were far more abundant
than those of AP-2+y, like mouse, the proportion of AP-2a increased from 61.11 + 23.51% at
12 weeks (/7= 6) to 88.77 + 7.88% of total AP-2 RNA at term (7= 4).

4. Discussion

Transgenic mice containing a 171-kb region of the long arm of chromosome 17 from a BAC
clone have been generated. This region encompasses the entire human growth hormone/
chorionic somatomammotropin gene cluster (containing the pituitary GH-N as well as the
placental CS-A, CS-B, CS-L and GH-V genes) and the upstream LCR including the five
previously described hypersensitive sites (HSI-HSV). The LCR was reported previously to
confer appropriate expression of pituitary GH and, consistent with this, 1771hGH/CS-TG
mice appeared normal in size. The equivalent designation for hCS and the placental hGH/CS
LCR cannot be determined as, strictly, there is no GH-related mouse CS for comparison;
mouse placental lactogen (PL) is more structurally related to prolactin [7]. However,
essential components of the hGH/CS LCR were detected. The 171hGH/CS-TG mice are
fertile, deliver normal litter sizes and exhibited preferential expression of hCS/placental
lactogen in the placental labyrinth as well as GH-N in the anterior pituitary. Detection of
hCS-B and hGH-V transcripts in addition to previously described hCS-A RNA is consistent
with inclusion of essential components of LCRs for both pituitary and placental members in
the fragment of DNA used. Also, levels of hGH-V and hCS, predominantly hCS-A, increase
from mid to late gestation in the transgenic placenta, as with human placenta.

Cooke and colleagues showed previously, using a truncated hGH locus, that 40 kb of
upstream flanking hGH-N DNA is necessary and sufficient for appropriate levels of
pituitary-specific expression of the hGH-N gene [31]. This helped to define the hGH LCR to
the region 14.5-32 kb upstream of the hGH-N transcription initiation site. Subsequent
elegant studies using transgenic mice expressing a truncated hGH/CS locus (minus the hCS-
B gene), and often crossed with an overexpressing GH releasing hormone mouse, helped to
define the role of Pit-1 and chromatin remodeling through posttranslational modifications of
histones and looping, in pituitary-specific expression [32—34]. While transgenic mice
containing the intact hGH/CS locus have been generated, to our knowledge, detection of
hGH and hCS protein by immunohistochemistry in these mice has not been reported [12].
Thus, the immunohistochemical data presented here are, to our knowledge, the first
demonstrating the appearance of hGH protein by E18.5 as well as specifically in the
pituitary of adult transgenic mice containing all five hGH/CS genes and the hGH LCR (Figs.
3and 4).

While there are definite differences between human and rodent placental structure, the
various cell types can be grouped according to function [35]. The syncytiotrophoblast cells
that line the chorionic villi of the human placenta serve as the interface between maternal
and fetal blood circulation. An analogous role is played by the labyrinthine trophoblast layer
in the mouse placenta [36]. The trophoblast portion of the maternal—fetal interface in the
mouse is made up of three layers, the first of which lines the interface and is made up of
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mononuclear trophoblasts. Layers Il and 111 are syncytiotrophoblastic and function as a
single layer, although there is evidence that layer Il shares direct contact with maternal
blood, along with layer I. The layers are distinguished with high-power electron microscopy
[36]. We present, for the first time to our knowledge, chromogenic staining and detection of
hCS by light microscopy in mice containing the intact hGH/CS locus (Fig. 5). Furthermore,
staining in the 171hGH/CS-TG mice is restricted to labyrinthine cells that line the maternal—
fetal interface, the closest murine approximation to the human villus syncytiotrophoblast.
The existence of sufficient transcription factors in the mouse for appropriate expression of a
human gene has also been demonstrated for the aromatase gene ACYP19[37]. In the mouse,
aromatase expression is confined to the gonads and brain; in humans its expression pattern
includes the syncytiotrophoblast layer of the placenta. Transfer of the ACYP19gene to the
mouse genome resulted in aromatase expression in the trophoblast layer of the murine
labyrinth, which is functionally analogous to human syncytial trophoblast. The observation
was made that the placental transcription factors that direct hCYP19 expression to the
placenta are evidently conserved between mouse and human, even though the genetic
elements that correspond to those factors are not. It also appears then that the factors
required for expression of hGH/CS genes in the placenta also exist in the mouse, in spite of
the lack of a GH/CS locus in the murine genome.

The importance of considering the greater chromatin configuration in placental gene
expression with the enhancer and/or repressor function of individual or multiple DNA
elements associated with HSI-V, 3"-enhancer regions and P sequences identified in cell
culture, is becoming increasingly apparent. Inclusion of HSI1I-V juxtaposed to the CS-A
gene with all known regulatory sequences intact did not result in appropriate tissue
expression of CS-A in transgenic placenta [12]. This emphasizes the need for a readily
available model in which to study the entire intact locus, if we are to understand the
mechanisms, and the possible importance, of distinct transcriptional control of GH and CS
genes. The inclusion of the intact hGH/CS locus and specifically the hCS-B gene locus in
the 171hGH/CS-TG mice might have been expected to affect placental gene expression.
There is considerable data from the transient transfection of human choriocarcinoma cells,
including from our laboratory, to support the presence of a strong placental enhancer located
in the 3’-flanking DNA of the hCS-B gene [38-41]. Further support for the possible
importance of the downstream CS gene enhancer sequences /n vivo, was the detection of
histone hyperacetylation and methylation of this region in human placenta chromatin [42].
Historically, the comparative study of hCS-A and hCS-B expression has been puzzling. RT-
PCR suggested equivalent expression at eight weeks pregnancy, but by term CS-A levels are
significantly higher [43]. Our data confirm this result in human placenta (Fig. 6). More
importantly, hCS-A continued to be the predominant CS RNA species in 171hGH/CS-TG
mouse placenta (Fig. 6), regardless of the presence of the intact hGH/CS locus and
specifically the hCS-B gene and putative downstream enhancer sequences.

It has been reported previously that expression of the placental hGH/CS genes increases
during gestation [43]. In the 171hGH/CS-TG placenta, the expression of hCS-A, hCS-B and
hGH-V all increase during gestation, but the ratios do not change significantly, with hCS-A
representing about 90% of total hCS RNA expression from E11.5 to E18.5. The
proportionate expression of hCS-A RNA in 171hGH/CS-TG placentas in late gestation is
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comparable to the proportionate expression of hCS-A transcripts observed in human term
placenta. Although the expression patterns for hCS-A and -B in the transgenic mouse
placenta closely parallel that seen in the human placenta in functional location, timing and
relative levels, the absolute levels of MRNA and protein are lower than those observed in the
human. The low level of expression is consistent with other models of hCS expression,
including human cytotrophoblast cell cultures [12,29]. It is possible that while the murine
genome contains the factors necessary for placental-specific expression of hCS, the
appropriate levels or combinations of these factors may not be present to drive hCS
expression to the level seen in human syncytiotrophoblast. The mouse placenta expresses a
large family of placental-specific, prolactin-related genes, including placental lactogen 2
(Prl3b1). Pri3b1 is hypothesized to carry out similar functions to the hCS and hGH-V during
pregnancy and is expressed in the labyrinth region [44]. Little is yet known about the
regulation of specific genes in gene family, but there may be mechanisms that modulate
expression levels and which may have similar effects on hCS expression. Mating our mouse
model with a Pr/361 null mouse, when available, could address the question of expression
levels and provide further functional information on this member of the mouse gene family.

While both AP-2a and AP-2+y have been linked to hCS gene promoter activity in gene
transfer studies /n7 vitro, an increase in AP-2a levels alone was shown to correlate with the
appearance and increase in hCS RNA levels as human cytotrophoblasts develop into
syncytiotrophoblasts in primary placental culture [22,23]. Using the 171hGH/CS-TG mouse
model we have been able to extend this observation of AP-2a and human GH/CS RNA
expression beyond cytotrophoblast differentiation in primary culture to pregnancy. Our
results showed that AP-2a transcripts were far more abundant than AP-2vy in term human
placenta, and the levels of both isoforms increase from mid to late gestation. In the mouse,
by contrast, AP-2y is consistently expressed at a higher level than AP-2a at all time points.
However, only AP-2a. increases from mid to late gestation while there is no significant
change in AP-2+y expression. These data implicate an increase in AP-2a but not AP-2y in
stimulating placental GH/CS RNA levels during pregnancy, since hGH/CS expression also
increased in transgenic placenta from mid to late gestation. This does not, however, rule out
a role for AP-2+y in placental hGH/CS expression in normal human development, but
suggests that an increase in AP-2y may not be necessary for augmentation of hGH/CS
expression in the placenta during pregnancy (Fig. 7).

The availability and use of multiple human placental cell systems, including the BeWo, JAR
and JEG-3 lines as well as primary cultures, continue to play an important role in
understanding placental gene expression and, perhaps to a lesser extent, function. The
availability of transgenic mouse models can complement these cell systems and provide the
capacity to expand studies in the context of pregnancy. Thus, the 171hGH/CS-TG mouse has
the potential to provide a valuable model to explore pituitary as well as placental hGH/CS
gene expression /n vivo given limitations on the availability of human tissues.
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Fig. 1.
Genomic integration of the 180-kb BAC clone from human chromosome 17. (A) Schematic

(not to scale) of the vector and insert used in the generation of the 171hGH/CS-TG mice. A
171-kb contiguous region of human chromosome 17 was inserted into the vector pBACe3.6
(8.8 kb). The BAC clone was then linearized with the rare cutter P1-Scel for microinjection.
The locations of the five members of the hGH/CS gene family, as well as the hypersensitive
sites (HSI-V) are shown. Below the schematic, fragments sizes (kb) generated with
digestion of BAC DNA with either BamHI or EcoRI are shown. (B—-E) Genomic DNA from
two founder mice (F-74 and F-81) was digested with BamHI or EcoRI and assessed by DNA
blotting and radiolabeled probes corresponding to the regions listed beneath the restriction
enzyme (HSV, HSIII, HSI/II, and GH-N coding sequences, respectively). The sizes of the
fragments according to the schematic in part (A) are given at the left of each scan, and the
migration positions of size markers (kb) is given at the right. In (E), the probe is a
radiolabeled hGH cDNA, which hybridizes to all five members of the hGH/CS family [29].
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Fig. 2.
Pituitary and placental-specific expression of hGH/CS in 171hGH/CS-TG mice. (A) Total

RNA from E18.5 transgenic (TG) and wild type (WT) embryos and placentas as well as WT
and TG adult pituitary was isolated from the tissues indicated and used as a template for RT-
PCR, using a primer pair that will amplify any member of the hGH/CS family (product size
250 bp). Murine GAPDH (MGAPDH) was assessed by RT-PCR for each tissue and used as
a control for RNA loading (product size 168 bp). M, size markers, indicated in base pairs
(bp). (B) hGH RNA can be distinguished from hCS by enzyme digestion [30]. With Hphl
digestion, the hGH is left uncut at 250 bp while the hCS products are cleaved to fragments
of 207 and 43 bp (some residual uncut product remains). With Rsal digestion, the hCS
product is uncut (250 bp) while hGH is cleaved to fragments of 190 and 60 bp.
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Fig. 3.
Immunohistochemical analysis demonstrates specific expression of hGH by somatotrophs in

171hGH/CS-TG anterior pituitary. (A and B) Sequential serial sections of paraffin-
embedded pituitaries from wild type (WT, A) and 171hGH/CS-TG (TG, B) mice were
incubated with antibodies against murine (mGH) and human (hGH) growth hormone. pa,
pars anterior; pi, pars intermedia. White arrows indicate cells in the pars anterior of
transgenic animals that express both mGH and hGH, thus identifying hGH expression in
somatotrophs. Bars are 50 um. (C-E) Immunofluorescence confirms presence of hGH in
somatotrophs of the anterior pituitary (pa) through colocalization with mGH.
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Fig. 4.
Human growth hormone expression appears in anterior pituitary in late gestation. Pituitaries

from wild type (WT) and 171hGH/CS transgenic (TG) mice at E13.5 and E18.5 were
sectioned and stained with antibody against human (hGH, green) and murine (mGH, red)
growth hormone. Composite images with DAPI staining of nuclei (blue) are shown on the
right. For E13.5, bars are 200 um; for E18.5, bars are 50 um, pa, pars anterior; pi, pars
intermedia. The appearance of hGH in some mGH-expressing cells in the pa is evident at
E18.5.
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Fig. 5.
Immunohistochemical analysis of human CS in 171hGH/CS-TG (TG) and wild type mouse

(WT) placenta. Placenta from embryonic stages E11.5 (A), E13.5 (B), and E18.5 (C) were
sectioned and stained with primary antibodies to hCS. The visible regions of the placenta are
the decidua (dec), trophoblast giant cells (tgc), spongiotrophoblasts (sp), and labyrinth (lab).
Cells in the 171hGH/CS-TG labyrinth that show specific staining for hCS are adjacent to the
maternal—fetal interface, consistent with their functional equivalence to the hCS-expressing
syncytiotrophoblasts of the human chorionic villi (D). Bars are 50 pm.

Placenta. Author manuscript; available in PMC 2017 January 11.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Jinetal.

Page 19

A B
10°5 105
b 171hGH/CS TG mice . Human Placenta
1@ CS-A 7] |ecsA
m CS-B e m CS-B
< 1073 10°5 | A GH-V
g N
|
c
9 1023 1024
@ " 3 = -
o i
g
w 1035 10'5
] Z] &
(7] — -
o
2 1073 10°5
i - fuk
o - .
'
o> 1075
E11.5 E135 E18.5 12 weeks Term

Fig. 6.

E)?pression of placental members of the GH/CS gene family in 172ZhGH/CS-TG mice.
Quantitative RT-PCR was used to analyze total RNA from transgenic mouse placentas from
mid to late gestation (E11.5, E13.5, and E18.5 as indicated). The expression level of each
gene is expressed relative to GAPDH at each time point and plotted on a logarithmic scale.
*** 1< 0.001 for CS-A relative to CS-B or GH-V at a each time point.
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Fig. 7.
AP-2a and AP-2+y are expressed at distinct relative levels in mouse and human placenta. (A)

Total RNA from the placental labyrinths of mice at mid to late gestation (E11.5, E13.5 and
E18.5 as shown) were analyzed by qRT-PCR for the expression of AP-2a and AP-27,
corrected to the expression of GAPDH. ***, p< 0.001 or *, p< 0.05 for AP-2vy relative to
AP-2a at the same time point. T, p< 0.01 for AP-2a. relative to E11.5 or E13.5. (B) Total
RNA from human placenta (Early, 12 weeks, 7= 6; Term, 39-40 weeks, 1= 4) was similarly
analyzed by qRT-PCR for AP-2 expression. *, p< 0.05 for AP-2+y relative to AP-2a at
Term. Tf, p< 0.01 for AP-2a at Term relative to Early placenta.
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Table 1

Oligonucleotide primers.

Glucagon-F(h and m)
Glucagon-R(h and m)

Name Sequence

GHI/CS-F 5 -CAGAAGTATTCATTCCTGCA-3’
GH/CS-R 5 -TTTGGATGCCTTCCTCTAG-3’

CSA-F 5 -GGCTTCTAGGTGCCCGAGTA-3’
CSA-R 5 -GCACTGGAGTGGCACCTTCA-3’
CSB-F 5 -CAGCAAGTTTGACACAAACTCA-3’
CSB-R 5'-AGAAGCCACAGCTACCCTCT-3’
GH-V-F 5 -GTTTGAAGAAGCCTATATCCTG-3’
GH-V-R 5 -TCACCCTGTTGGAAGGTGTT-3’
h/mAP-2a-F 5-GTGTCCCTGTCCAAGTCCAAC-3’
h/mAP-2a-R 5 -CTGAGGAGCGAGAGGCGACC-3’
h/mAP-2y-F 5 -GATCAGACAGTCATTCGCAAAGG-3’
h/mAP-2y-R 5"-AGGGACCGAGCAGAAGACCTCA-3’
MGAPDH-F 5 -TCACCACCATGGAGAAGGC-3’
MGAPDH-R 5 -GCTAAGCAGTTGGTGGTGCA-3’
hGAPDH-F 5 -GAGTCAACGGATTTGGTCGT-3’
hGAPDH-R 5 -TTGATTTTGGAGGGATCTCGC-3’

HSI and I1-rt-F 5 -GTGGCTGGAGAGAGACTGACCCG-3’
HSI and I1-rt-R 5 -GTTAATGAAGGACTCTGTCGTTAG-3’

5’-GGAATAACATTGCCAAACGTC-3’
5’-CTCGCCTTCCTCGGCCTTTC-3’
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