








FIGURE 1.4 Polarized organization of intestinal epithelium. Intestinal epithelium has
polarized structure. Note apical membrane, basolateral membrane, and tight junctions
(zonula occudens) that separates the two membrane domains. Reprinted with permission
from Junquiera and Carneiro, Basic Histology 11" edition, McGraw-Hill, 2005.
Copyright © 2005 The McGraw-Hill Companies.




Huang and Muthuswamy, 2010; Lee and Vasioukhin, 2008; Mullin, 2004). Although
molecular details of the relationship between cell polarity and tumor growth are still
mostly missing, studies in Drosophila have implicated the role of three basolateral
polarity proteins Lgl, Dlg, and Scrib in linking the cell polarity and growth pathways
(Bilder et al., 2000). Others, more recently, indicated alterations in the members of
apical polarity complex in human cancer, such as those of Par3, Par6, and aPKC (Nolan
et al., 2008; Regala et al., 2005; Zen et al., 2009). Another apically localized protein,
Na+/H+ exchanger regulatory factor 1 (NHERF1), will be the subject of this study, as

below.

1.5 Na+/H+ exchanger regulatory factor 1 (NHERF1)

1.5.1 NHEREF adaptors

NHERF1 (also known as NHE-RF) is a protein co-factor initially isolated for the
regulation of Nat+/H+ exchanger (NHE) activity from rabbit renal brush border
membrane (BBM) (Weinman et al., 1993; Weinman et al., 1995). The cDNA analysis
indicated that the NHERF'1 gene (SLC9A43R1) encoded a 358-residue protein, with two
elements of repeat (amino acids 11-101 and 150-241) in predicted amino acid sequences
(Weinman et al., 1995). Subsequently, ezrin-radixin-moesin (ERM)-binding
phosphoprotein of 50 kDa (EBP50) was identified as the human homolog of NHERF1,
and found to contain two elements of repeat over two-thirds of its full-length molecule
(amino acids 11-97 and 149-236) (Reczek et al., 1997). Database searches on these

elements gave a number of matched results; among included in this list were rat brain



post-synaptic density protein (PSD-95), Drosophila septate junction protein Discs Large
(Dlg), and mouse tight junctions protein zonula occludin-1 (ZO-1). The repeat elements
of NHERF1 were thereby identified as the PDZ (PSD-95/Dlg/Z0-1) domains. These are
conserved protein modules that form a small binding pocket for short hydrophobic
peptide sequences on the carboxyl-terminal end of their target proteins (Fanning and

Anderson, 1996; Saras and Heldin, 1996).

Four members of the NHERF family, including NHERF1 (NHE-RF, EBP50),
NHERF2 (E3KARP, SIP-1, TKA-1), NHERF3 (PDZK1, CLAMP, CAP70, DIPHOR-I,
NaPi-CaP1), and NHERF4 (IKEPP, DIPHOR-2, NaPi-CaP2), have been identified to
date (Donowitz et al., 2005). All four members have multiple PDZ domains, with an
additional non-PDZ ERM-binding (EB) region for NHERF1 and NHERF2 but not the
other two (Murthy et al., 1998; Reczek and Bretscher, 1998; Yun et al., 1998) (FIGURE
1.5). NHERF1 and NHERF?2 also share over 35 common ligands (Shenolikar et al., 2004;
Weinman et al., 2006); though, in vivo, the two proteins likely serve different functions.
Their inter- and intra-tissue distributions do not appear to overlap (Fouassier et al., 2001;
Ingraffea et al., 2002; Wade et al., 2003; Wade et al., 2001); neither is the deficiency of
NHERF1 compensated by NHERF2 in the renal proximal tubules in mice in vivo

(Shenolikar et al., 2002; Weinman et al., 2003).

1.5.2 NHERF]1 in cells and tissues

Human NHERF1 mRNA is expressed at high levels in polarized epithelia,

including liver, salivary gland, kidney, pancreas, trachea, adrenal glands, intestines,
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FIGURE 1.5 NHERF family members and their domain structures. Human NHERFI, a

358-residue protein, contains two PDZ (PSD-95/Dlg/Z0O-1) domains (red) and a

carboxyl-terminal ERM-binding region (EB, blue). Three other NHERF family members

are also shown with multiple PDZ domains; their alternative names are noted in

parentheses. The domain analysis was performed with NCBI Conserved Domain

Database (CDD).
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prostate, and mammary gland (Ediger et al., 1999). Immunohistochemistry (IHC) studies
have shown that NHERF1 in many of these tissues is selectively localized at the apical
membrane of absorptive cells, whereas secretory cells are negative for staining
(Stemmer-Rachamimov et al., 2001). Immunofluorescence (IF) studies in mouse and rat
tissues had corroborating results. NHERF1 has been detected in the apical microvilli of
intestinal (Ingraffea et al., 2002; Reczek et al., 1997) and renal proximal tubule BBM
(Reczek and Bretscher, 1998; Wade et al., 2001; Waite and Eng, 2002), in mesothelia of
the stomach (Ingraffea et al., 2002), and at the canalicular (apical) membranes of

both hepatocytes and cholangiocytes (Fouassier et al., 2001; Ingraffea et al., 2002).

1.5.3 NHERF]1 in cancer

The role of NHERF1 in human cancer was first suggested in 2001 (Stemmer-
Rachamimov et al., 2001). This pertained to the observation of a strong positive
association between NHERF1 expression and estrogen receptor (ER) status in 18 breast
cancer specimens. As NHERF1 had been earlier shown as an estrogen-inducible gene
(Ediger et al., 1999), the elevated NHERF1 level in ER-positive tumors was posited as a
predictable sequalae of estrogenic stimulation. Additional analyses of breast carcinoma
specimens indicated that the association between NHERF1 expression and ER status
indeed existed, but indications also were that NHERF1 was more likely accumulated in
tumors of later than earlier disease stage, with lymph node-positive than -negative status
and poorer than better prognosis index (Cardone et al., 2007; Song et al., 2007). Possible

involvements of NHERF1 in breast cancer progression were thereby implicated.
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A number of studies have since examined NHERF1 in this and several other
human neoplasia. Of particular note is a study which reported NHERF1 interaction with
-catenin in hepatocellular carcinoma (Shibata et al., 2003). The additional indications
were that NHERF1 accumulated in the cytoplasm and nucleus in these tumors, and that
it promoted B-catenin/TCF-dependent transcription. NHERF1, in this context, appeared
as an oncogenic protein. Two studies, however, have since presented a contrasting view
that NHERFI1 is rather a tumor suppressor protein. In the first of these two studies,
allelic deletion of the NHERFI gene locus at 17g25.1 was described at 22-58%
frequency in breast cancer cells and tissue specimens, with increased tumor
aggressiveness with loss of heterozygosity (LOH) (Dai et al., 2004). In another study,
NHERF1 was knocked down in ER-positive T47D and MCF7 breast cancer cells; this
induced increased cell proliferation both in vivo and in vitro, indicating growth-
suppressive role of NHERF1 in these two breast cancer cells (Pan et al., 2006). The
current literature thus has conflicting data that are difficult to explain. Reconciliation has
been offered, in that NHERF1 may have a dual functional role; and that its action as an

oncogene or else as a tumor suppressor may be dictated by its subcellular localization

(Georgescu et al., 2008).

1.6 Phenotypes of NHERF1 deficiency in mice

Our laboratory has generated NHERF1 (-/-) mice, and has found intestinal
defects as among their main phenotypes. NHERF1, as others have found, is strongly

expressed at the apical membrane of intestines in these mice (FIGURE 1.6). The observed
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FIGURE 1.6 Apical membrane localization of NHERF1 in mouse colon. Confocal IF
analysis of colon in six week-old C57BL/6J NHERF1 wild-type (+/+) and knockout (-/-)
female mice is shown. Note strong apical membrane expression of NHERFI1 (red).
Nuclei were marked with ToPro-3 (blue).
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2.1 CRC resection specimens and tissue microarray

Eleven paraffin-embedded surgical CRC resection specimens and seven
additional liquid nitrogen-frozen specimens were obtained from the Institutional Tumor
Bank at M. D. Anderson Cancer Center. Surgeries for all cases had been performed in a
15-year period between 1992 and 2007, with no patient receiving prior treatment. All
paraffin-embedded specimens contained areas of normal mucosa, adjacent adenoma, and
carcinoma on the same slide. Frozen specimens had pathologist-annotated vials of
normal mucosa, deep-tumor, and tumor-edge as normal, carcinoma, and adenoma,
respectively. The TARP (Tissue Array Research Program) colon and lung (T-CL-1)
TMA was obtained from the U.S. National Cancer Institute-Center for Cancer Research

(NIH-CCR) (http://ccr.cancer.gov/tech_initiatives/tarp/). This array by design contained

89 CRC specimens with 0.6-mm cores space at 0.8 mm. Approximately three-quarters of

the samples (74-83% of 89 samples) had actually usable tissues.

2.2 Tissue staining

2.2.1 H&E staining

Paraffin-embedded sections were serially treated in xylene (10 min x3), graded
ethanol: 100% (10 min x2), 95% (10 min x1), 70% (10 min x1), and ddH20 (10 min x1);
and were stained with hematoxylin (Fisher Scientific, #23-245-651) for 3 min. After a
rinse in ddH20O for 2 min, the sections were blued in tap water for 5 min; de-stained in
0.2% acid alcohol (70% ethanol with 0.2% HCI) for 30 sec; and rinsed in ddH20O for 2

min. The sections were then stained with eosin (Fisher Scientific, #323-314-631) for 30
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Antibody Use Product Dilution

NHERF1 IF, IHC Affinity BioReagents, #PA1-090 1:300

[-catenin IF, IHC BD Biosciences, #C19220 1:300
E-cadherin IHC BD Biosciences, #C20820 1:100
Cytokeratin [HC Sigma, #C1801 1:100

TABLE 2.1 Primary antibodies used for manual IF/IHC tissue staining.

20



of the sections in 3% hydrogen peroxide in methanol for 10 min at room temperature.
After three 2-min washes of the sections in PBS, heat-induced antigen retrieval was
performed for 20 min as described above (see section 2.2.2). Blocking was performed
using 1A and 1B solutions of the Histomouse-Max kit (Zymed Laboratories, #87-9551)
for 30 min and 10 min at room temperature, respectively. The primary antibodies (listed
in TABLE 2.2) were then applied in PBS at 4°C overnight. Next day, the sections were
washed in PBS for 2 min three times; and 3,3’-diaminobenzidine (DAB) staining and
nuclear hematoxylin counterstaining were performed per manufacturer’s instructions of
the Histomouse-Max kit. The sections were dehydrated in graded ethanol: 70% (5 min
x1), 95% (5 min x1), 100% (5 min x2); cleared in xylene; and mounted using

Histomount of the kit.

Automated staining. Five sections of CRC specimens were submitted to an
American Society of Clinical Pathology/Texas Society of Histotechnology
(ASCP/TSH)-certified Clinical Histology Laboratory, on-site at M. D. Anderson Cancer
Center. The following primary antibodies: CD3, CD4, CD8, CD20, CD68 (listed in

TABLE 2.3) were used to perform IHC staining in an automated Leica Bond-I system.

2.3 Image acquisition

2.3.1 IF images

Multi-channel IF images were acquired using the Zeiss LSM 510 confocal laser
scanning microscope, with excitation laser lines of 488 nm (green), 543 nm (red), and

633 nm (far red); and differential interference contrast (DIC). For all images, the
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Antibody Marker Product Dilution
CD3 T cell Dako, #A0452 1:100
CD4 Helper T cell Novacastra, #NCL-L-368 1:80
CDS8 Cytotoxic T cell Dako, #MS-457-S 1:20
CD20 B cell Dako, #M0755 1:1400
CD68 Macrophage Dako, #M0814 1:500

TABLE 2.2 Primary antibodies used for automated IHC tissue staining.
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40x/1.30 NA (numerical aperture) objective lens with oil immersion was used. All

images were processed with the LSM 510 software, version 4.2.

2.3.2 Brightfield images

H&E and ITHC images were acquired using the Nikon 801 upright microscope and
Nikon DS-U2/L2 USB camera, with the 4x/0.2, 10x/0.45, an 20x/0.75 NA dry objective

lenses. All images were processed with the NIS Elements AR software, version 3.1.

2.4 Image analyses

2.4.1 IF/IHC signal intensity analysis

Quantitative signal intensity analysis of selected IF/IHC images was performed
in an 8-bit (2® = 256) gray densitometry scale from 0 (black) to 255 (white). The sample
region of interest was circled using the NIH Image J software, version 1.34s; mean
signal intensity was measured; and signal intensity score, X, was computed as x = [255 -

(mean intensity reading)].

2.4.2 Nuclear localization analysis

Nuclear localization analysis of the triple IF-stained TMA samples was
performed using co-localization analysis mode of the Bitplane AG Imaris x64 software,
version 6.3.0. Data outputs were tallied as %Alexa 488 (green)/ToPro-3 co-localized

voxels (nuclear green); %Alexa 568 (red)/ToPro-3 co-localized voxels (nuclear red);
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and %Alexa 488/Alexa 568/ToPro-3 co-localized voxels (nuclear green/red co-

localization).

2.5 Immunoblot analysis of frozen tissues

All tissues were stored at -80°C until use. The whole tissue lysates were prepared
by homogenizing the samples with a motorized pestle (Kontes, #K749540-0000), in the
same 1% Triton X-100 buffer and protease inhibitor cocktails as that used for whole cell
lysis (see section 2.15). Protein concentration was measured and immunoblotting was

performed as described (see sections 2.15 and 2.16).

2.6 Cell culture

The Caco-2 colon adenocarcinoma cells (a gift from Dr. Alan Hall, Memorial
Sloan-Kettering Cancer Center, NY) were grown in a 50/50 mixture of Dulbecco
modified Eagle’s medium/Ham’s F-12 nutrients (DMEM/F-12) supplemented with 10%
fetal calf serum (FCS) (Hyclone, #SH30910-03) and 1/100x antibiotic-antimycotic
(Invitrogen, #15240-062). The 293T human embryonic kidney cells were grown in

DMEM, also supplemented with 10% FCS and 1/100x antibiotic-antimyotic.

2.7 Plasmids

NHERF1  shRNA#1 (ACCCCATCCTAGACTTCAA) and shRNA#4
(GGGAAACT GACGAGTTCGG) were cloned in the pSIREN-RetroQ retroviral vector

(puromycin selection), as previously described (Kreimann et al.,, 2007). Wild-type
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