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ABSTRACT Human antigen R (ELAVL1; HuR) is perhaps the best-characterized
RNA-binding protein. Through its overexpression in various tumor types, HuR
promotes posttranscriptional regulation of target genes in multiple core signal-
ing pathways associated with tumor progression. The role of HuR overexpression
in pancreatic tumorigenesis is unknown and led us to explore the consequences
of HuR overexpression using a novel transgenic mouse model that has a >2-fold
elevation of pancreatic HuR expression. Histologically, HuR-overexpressing pan-
creas displays a fibroinflammatory response and other pathological features char-
acteristic of chronic pancreatitis. This pathology is reflected in changes in the
pancreatic gene expression profile due, in part, to genes whose expression
changes as a consequence of direct binding of their respective mRNAs to HuR.
Older mice develop pancreatic steatosis and severe glucose intolerance. Elevated
HuR cooperated with mutant K-ras'2P to result in a 3.4-fold increase in pancre-
atic ductal adenocarcinoma (PDAC) incidence compared to PDAC presence in
K-rasG'2P alone. These findings implicate HuR as a facilitator of pancreatic tumor-
igenesis, especially in the setting of inflammation, and a novel therapeutic target
for pancreatitis treatment.
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uman antigen R (ELAVL1), also known as HuR, is an RNA-binding protein that
posttranscriptionally regulates the expression of many genes, including various
proinflammatory genes and tumor-promoting factors associated with the survival of
cancer cells. It is located primarily in the nucleus, but in response to cellular stressors
(e.g., hypoxia, DNA damage, nutrient depletion, and exposure to chemotherapeutic
drugs), HuR selectively binds to AU-rich elements (AREs) primarily in the 3’ untranslated
region (UTR) of specific target transcripts (1-7). Under these conditions, HuR and its
bound transcripts are observed in the cytoplasm, where stabilization of HuR-bound
mRNAs can occur, allowing for their enhanced translation. In this way, HuR regulates
the expression of specific target genes known to enhance cell growth and survival (e.g.,
COX-2, VEGF, c-Myc, WEET1, and PIMT) (1, 3, 8-10). While this ability of HuR to influence
gene expression is needed when normal cells are stressed, most cancer cells, including
pancreatic ductal adenocarcinoma (PDAC) cells, take advantage of this aspect of HuR's
function by increasing HuR expression, thus allowing for enhanced cytoplasmic local-
ization of key transcripts related to prosurvival and oncogenic stimuli.
Nearly all PDACs that have been analyzed have been shown to harbor multiple
mutations affecting core signaling pathways (11). We have determined that HuR-
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FIG 1 Traffic/HuR transgene structure and expression. (A) Diagram of Traffic/HuR transgene. (B) Pancreas
of B6, Traffic/HuR only (T), and Traffic/HuR + Pdx1/Cre (TC) mice observed under bright light, red
fluorescent protein filter, and GFP filter. Note low GFP expression in T mice. (C) Immunoblots of protein
extracts of pancreas of B6, T, and TC pancreas. Asterisk indicates HuR-Flag protein. (D) Immunoblot
showing GFP expression in TC pancreas and low GFP expression in T pancreas. CAG/EGFP plasmid DNA
serves as a positive control for GFP. GAPDH and B-actin serve as gel loading controls. Scale bar, 2 mm.
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associated transcripts in PDACs are involved in multiple pro-oncogenic pathways,
including cellular proliferation, invasion, apoptosis, and DNA damage control, thus
implicating HuR as an important player in PDAC tumorigenesis and a potential thera-
peutic target (1, 3, 7, 12, 13). Aiming to assess the consequences of HuR overexpression
in normal pancreatic cells and its potential role in the progression of pancreatic
tumorigenesis, we generated transgenic mice that overexpress HuR specifically in the
developing pancreas and in the pancreas of adult mice. Here, we characterize the
histopathology, changes in gene expression, metabolic impact, and impact on tumor-
igenesis associated with elevated HuR levels in the pancreas of these mice.

RESULTS

Overexpression of pancreatic HuR in Traffic/HuR transgenic mice. We generated
transgenic mice bearing a transgene called Traffic/HuR that allows for targeted HuR
overexpression in the pancreas (Fig. 1A). The transgenic HuR sequence encodes human
HuR protein containing a Flag epitope tag. In mice bearing this transgene, the strong
CAG promoter/enhancer drives ubiquitous expression of floxed DsRed2. The transgene
can be activated in a tissue-specific manner upon Cre recombinase-mediated recom-
bination between two loxP sites that flank the DsRed2-STOP cassette, resulting in
excision of the cassette, expression of HuR-Flag, and the gain of enhanced green
fluorescent protein (eGFP) fluorescence, which is expressed from an internal ribosomal
entry sequence (IRES). We bred Traffic/HUR (T) mice to Pdx1/Cre (C) mice to generate
mice with HUR overexpression in the pancreas. The promoter of the PDX1 (pancreatic
and duodenal homeobox 1) gene is active specifically in pancreatic precursor cells in
mouse embryos at embryonic day 8.5 (14), resulting in Cre-mediated recombination
and HuR overexpression in all three cell types in the pancreas: exocrine, endocrine, and
ductal. Here, we report our studies of the pancreas of adult double-transgenic Traffic/
HuR Pdx1/Cre mice (here called TC mice).

We observed HuR-Flag expression and strong GFP fluorescence in the pancreas of
TC mice (Fig. 1B to D and 2). Strong GFP fluorescence in the pancreas typically was
observed in 50 to 90% of pancreatic cells, reflecting the incomplete penetrance of Cre
recombinase-mediated recombination. Very low fluorescent GFP expression was ob-
served in the pancreas of T mice and confirmed by a weak GFP band on Western blots
(Fig. 1B and D). We attribute this low GFP expression to transcripts generated from the
IRES2-GFP cistron regulated by the distal CAG promoter. HuR-Flag protein was not
detected in pancreas of T mice. Extremely low fluorescent GFP expression was also
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FIG 2 Traffic/HuR transgene expression in pancreas and other organs. DsRed2 protein is expressed in
multiple organs in T and TC mice (red fluorescence) but not in C mice. Elevated GFP expression is observed
in large amounts only in the pancreas of TC mice (green fluorescence). Low background GFP fluorescence
is also observed in T pancreas and TC bladder, while no GFP expression is detected in other organs. In each
image, C is in the upper left, T is in the upper right, and TC is on the bottom. The scale bar, indicating 2
mm, is shown in the pancreas bright-field image and applies to all panels.

observed in some other organs but was not detectable on Western blots (data not
shown). As expected, DsRed2, driven by the CAG promoter/enhancer, was expressed in
multiple organs in T mice (Fig. 2).

No significant difference in body weight of either gender between C and TC mice
was observed (measured weekly between 2 and 8 months of age) (data not shown).

HuR overexpression in pancreas elevates cytoplasmic HuR expression. The
transgene product, human HuR-Flag protein, was easily identified and distinguishable
from endogenous mouse HuR in pancreas protein extracts of TC mice on immunoblots
and showed a significant increase in total HuR expression compared to thatin C, T, and
C57BL/6 control mice (Fig. 1C, 3A, and 4). Quantitative analysis of total HuR (endoge-
nous mouse HuR plus transgenic human HuR-Flag) showed a 2.2-fold and 1.6-fold
increase in HuUR in the pancreas of 6-month-old and 10-month-old TC mice, respec-
tively, compared to pancreas of C57BL/6 control mice (Fig. 4). No HuR-Flag expres-
sion was observed by immunoblot analysis of other organ protein extracts we
tested (Fig. 4).

In agreement with the Western blot analyses, elevated HuR expression was also
observed in immunostained sections of TC pancreas compared to C pancreas (Fig. 3B).
HuR expression was high in nuclei of TC acinar cells and ductal epithelial cells and
especially high in islet cells in both TC and C pancreas. Importantly, cytoplasmic HuR
(i.e., activated HuR) was observed in some, but not all, acinar cells in TC pancreas,
suggesting incomplete Cre recombinase-mediated recombination of the Traffic trans-
gene. A stochastic expression pattern of Pdx1-regulated Cre recombinase in the pancreas
of Pdx1/Cre transgenic mice was reported previously (15). A 5- to 10-fold increase in
cytoplasmic HuR in TC pancreas compared to that of C pancreas was observed on Western
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FIG 3 HuR expression in C and TC pancreas. (A) Immunoblot of protein extracts pancreas from C and TC
mice. GAPDH serves as gel loading control. (B) Pancreas sections from C and TC pancreas immunostained
for HuR. Arrowheads indicate large amounts of HuR in islet cells. Asterisk indicates cytoplasmic HuR in
acinus cells in TC pancreas. (C) Immunoblots of cytoplasmic and nuclear protein lysates prepared from
C and TC pancreas. Loading control GAPDH was used for quantitative comparison of HuUR amounts in C
and TC cytoplasmic lysates (values indicated beneath HuR panel). GAPDH and lamin A/C were used as
markers for cytoplasmic and nuclear extract preparations, respectively. Whole-mount GFP fluorescent
images of the pancreas from which each preparation was made are shown below the cytoplasmic lamin
A/C panel.

blots of cytoplasmic protein extracts; the fold increase appeared to correlate with the
amount of GFP fluorescence observed in whole-mount pancreata (Fig. 3C).

HuR overexpression in pancreas results in a fibroinflammatory reaction and
metabolic disease. We examined hematoxylin and eosin (H&E)-stained pancreas
sections from 3-, 6-, 9-, and 12-week-old C and TC mice for evidence of pathology
associated with elevated HuR expression. We observed chronic inflammation in TC
pancreata as early as 3 weeks of age, and the amount of inflammatory infiltrates
increased with age (Fig. 5). No inflammation was observed in C mice at the ages
examined. Prominent pancreatic ductal proliferation was first observed in 9-week-old
TC mice. There was no evidence of ductal proliferation in C mice or precancerous
pancreatic intraepithelial neoplasia (PanIN) lesions in TC or C mice at the ages exam-
ined.

A marked increase in inflammatory infiltrates, fibrosis, and ductal complexes in
H&E-stained pancreas sections is observed in older TC mice (8 months) compared to
levels for C mice (Fig. 6A to C). Sections stained with Oil Red O, a lipid stain, show acinar
cell loss and their replacement by accumulating adipocytes to various degrees in
different mice, in some cases leaving normal-appearing islet cells in a field of fat cells
(Fig. 6D to G). The smaller size, as well as a reduction in weight, of pancreata in older
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FIG 4 Pancreas-specific overexpression of HuR. HUR immunoblots showing pancreas-specific expression
of Traffic-HuR transgene in 6-mo- and 10-mo-old TC mice. Scanned blots show total HUR amount
(endogenous plus HuR-Flag) is ~2-fold larger in TC mice than in pancreas of B6 and T control mice; in
other organs, the amount of HuR in TC pancreas is the same as that in control pancreata.

TC mice compared to age-matched control C mice is attributed to acinar atrophy and

adipocyte accumulation resulting from HuR overexpression (Fig. 6H).
Immunostaining of pancreas sections from TC and C mice shows increased expres-

sion of COX-2 (inflammatory enzyme), tumor necrosis factor alpha (TNF-¢; a proinflam-

FIG 5 H&E-stained pancreas of C and TC mice at 3, 6, 9, and 12 weeks of age. Boxes show immune
infiltrates in TC pancreas. An asterisk indicates ductal proliferation. is, islet of Langerhans; ac, acinar cells.
Scale bars, 50 um.
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FIG 6 Histopathology and weight of pancreas of older C and TC mice. (A to F) H&E-stained pancreas sections of 8-month-old C mouse (A) and
TC mice (B to F). Panel Cis a higher magnification of the boxed area in panel B. Extreme acinus cell atrophy is seen in panel D. (G) Oil Red O-stained
pancreas section from 8-month-old TC mouse. (H) Pancreas weight/body weight of C and TC male and female mice. is, islet of Langerhans; ac,
acinar cells; A, adipocytes; L, lipid. Arrowheads indicate immune infiltrates. The arrow indicates area of fibrosis. The area circumscribed by the
dotted line in panel F is a ductal proliferative complex. Scale bars, 50 um.

matory cytokine), vimentin (fibroblasts), a-smooth muscle actin (a-SMA; stellate cells),
and collagen 1 (fibroblasts) in TC compared to C pancreata (Fig. 7). CD86 (antigen-
presenting cells), CD3 (T cells), CD45 (B cells), and interleukin-6 (IL-6) (proinflammatory
cytokine) expression also is elevated in TC compared to C pancreata (Fig. 7). Western
blot analyses of these proteins confirm immunofluorescent staining observations (Fig.
7). These results provide evidence for activation of pancreatic stellate cells contributing
to a fibroinflammatory reaction as a consequence of high HuR expression in the
pancreas. The histopathology we have observed in TC pancreata, namely, inflammatory
infiltrates, ductal proliferation, increased fibrosis, and acinar atrophy, are features
characteristic of chronic pancreatitis (16).

While serum markers that are often elevated in chronic pancreatitis (amylase, lipase,
triglycerides, and cholesterol) showed no significant differences between 8-month-old
TC and C mice (Fig. 8A), we tested 8-month-old TC and C mice of both genders for
diabetes using a glucose tolerance test to further examine metabolic consequences
associated with HuR overexpression in the pancreas. The peak glucose concentration in
whole blood of TC compared to C males was significantly higher and its clearance
slower, indicative of severe glucose intolerance (Fig. 8B). A nonsignificant increase in
peak glucose concentration was observed in TC females compared to C females. An
additional test of a single 11-month-old female indicated glucose intolerance, suggest-
ing a delay in females compared to males, perhaps due to delayed accumulation of
overall body fat mass.

February 2018 Volume 38 Issue 3 e00427-17 mcb.asm.org 6


http://mcb.asm.org

TC

Pancreatic HUR Overexpression Promotes Inflammation
1T 1
- W COX-2

COX-2
- Q‘..GAPDH
TC
T I 1
- - » e WW T\NFo
- o> e a» = -~ *== GAPDH
C TC
I ] 1 . i
WPWP = Vvimentin
vimentin .
®Sa®@®® - = CAPDH
C TC
I LA 1
. - -Gy o SVA
a-SMA
- @ @ &5 & C/PDH
C TC
11
- o @ & coiagen-|
collagen-1 9
TC
I
cD86 - = - CD86
- o a» @ ED @ G/PDH
R - -
) - -

TNF-a

- @» @ = GAPDH

CD45

FIG 7 Fibroinflammatory gene expression in HuR-overexpressing pancreas. Inmunostaining and immu-
noblots of markers of inflammation (COX-2 and TNF-a), fibrosis (vimentin, a-SMA, and collagen 1),
immune cells (CD86, CD3, and CD45), and IL-6 in pancreas of T and TC mice. GAPDH serves as a gel

loading control. Scale bars, 50 um.

HuR overexpression in pancreas results in global changes in gene expression.
Total RNA isolated from pancreata of 6-month-old TC and C male and female mice was
processed and subjected to microarray analysis to identify changes in gene expression
associated with pancreatic HuUR overexpression. In a comparison of TC versus C mice
(pooled data from both genders), 210 known genes showed differential expression
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A TC(n=3) |C(n=3) |Pvalue
Amylase (U/L) (mean + SD) 654 +169 | 763+152 | 0.45
Lipase (U/L) (mean + SD) 743+22 | 543+65 | 0.21

Triglycerides (mg/dL) (mean + SD) | 31.2+15.2[ 356 +14.1| 0.74
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FIG 8 Metabolic measurements in C and TC pancreas. (A) Levels of serum amylase, lipase, triglycerides,
and cholesterol in TC and C mice. (B) Concentrations of blood glucose at various times following
administration of glucose bolus to 8-month-old TC (red) and C (blue) male and female mice. Asterisks
indicate time points at which the glucose concentration exceeded the range of the GTT assay.

(=1.5-fold; P = 0.05) (178 up and 32 down). A similar comparison of female TC and C
mice yielded 273 genes (181 up and 92 down), while a comparison of male TC and C
yielded 152 genes (72 up and 80 down). Using pooled data from both genders, we
identified 72 genes that had the largest fold change in expression (either up- or
downregulated) as well as the most significance associated with that change (Table 1
and Fig. 9A and B). The resulting data on this set of genes was analyzed using Ingenuity
Pathway Analysis software. In keeping with HuR’'s known role in proliferation, cell
growth, and survival, 26 genes associated with cell death and survival and 17 genes
associated with cellular growth and proliferation were identified as upregulated in TC
pancreas (Table 2). In agreement with our observations of pancreas histopathology,
observed changes in gene expression were most strongly associated with five disease
classes: endocrine system disorders (23 genes), gastrointestinal disease (27 genes),
immunological disease (28 genes), metabolic disease (26), and organismal injury and
abnormalities (33 genes) (Table 3). Several genes were also associated with antimicro-
bial response and inflammatory response. Genes having highly significant changes in
expression were detected in several canonical pathways, including allograft rejection
signaling, OX40 signaling, antigen presentation, interferon signaling, and phagosome
maturation. To partially validate microarray analysis results, we chose to assay expres-
sion of two genes, Reg3g and CFD (also known as adipsin or adiponectin), in cell lysates
prepared from TC and C pancreata on Western blots. On microarrays, both genes
displayed significantly increased expression in TC pancreas compared to C pancreas
(Reg3g, 3.58-fold, P = 0.03; CFD, 2.93-fold, P = 0.05). Both REG3G and CFD showed
elevated expression in HuR-overexpressing TC pancreata compared to C pancreata on
Western blots (Fig. 9C), thus validating the microarray analyses. REG3G is an antimi-
crobial C-type lectin secreted primarily by the pancreas and testis (17, 18). IL-6 induc-
tion of Reg3g suggests that elevated REG3G is associated with tissue inflammation
and acute pancreatitis (17). CFD is a chymotrypsin that functions as an adipokine,
a cell signaling protein secreted by adipocytes. It regulates insulin in mice and
improves B cell function in diabetes, most likely reflecting its function as a potent
anti-inflammatory molecule (19, 20).

To further validate microarray results (Fig. 9) and determine whether mRNAs are
direct or indirect HuR targets, we transfected Pan02 mouse pancreatic tumor cells with
human HuR (hHuUR) cDNA and vector control plasmids. Overexpression of HUR mRNA
was confirmed using DNase-treated total mRNA extracts and probes specific against
hHuR (Fig. 10A). Western blot analyses of input protein and immunoprecipitation (IP)
lysates confirm overexpression of HuR, and specific IP with the HuR antibody was
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TABLE 1 Differences in gene expression in pancreas of TC and C mice®

Gene designation and Fold
regulation status Gene name change Disease(s) or function
Upregulated
1810009J06Rik RIKEN cDNA 1810009J06 216
Gm2663 Predicted gene 2663 20.1
Lgals9 Lectin, galactose binding, soluble 9 12.2 Metabolic
Igkv8-30 Immunoglobulin kappa chain variable 8-30 7.5
Ighv3-6 Immunoglobulin heavy variable 3-6 6.0
Oas2 2-5 Oligoadenylate synthetase 2 55 Organismal injury
Igkv6-13 Immunoglobulin kappa variable 6-13 5.0
Ifi27 Interferon, alpha-inducible protein 27 49
Bst2 Bone marrow stromal cell antigen 2 4.5
Stat1 Signal transducer and activator of transcription 1 4.1
Tgtp2 T cell specific GTPase2 37
Obp2b Odorant binding protein 2B 3.6
Ighv1-4 Immunoglobulin heavy variable 1-4 3.6
Ccl8 Chemokine (C-C motif) ligand 8 3.6 Endocrine
Ifi44 Interferon-induced protein 44 35 Gastrointestinal
Ighv1-7 Immunoglobulin heavy variable V1-7 34
H2-Q8 Histocompatibility 2, Q region locus 8 34
Igkv6-15 Immunoglobulin kappa variable 6-15 34
Ighv8-5 Immunoglobulin heavy variable V8-5 34
Gbp10 Guanylate-binding protein 10 34
Jchain Immunoglobulin joining chain 33 Gastrointestinal, immunological, organismal
injury
Ctss Cathepsin S 3.3 Endocrine, gastrointestinal, immunological,
metabolic, organismal injury,
inflammatory response
Gm17757 Predicted gene, 17757, noncoding RNA 32
Ighv14-1 Immunoglobulin heavy variable 14-1 3.1
Igkv1-133 Immunoglobulin kappa variable 1-133 3.0
H2-K1 Histocompatibility 2, K1, K region 29
Apod Apolipoprotein D 2.7
H2-Eb1 Histocompatibility 2, class Il antigen E beta 2.7
Lgals3bp Lectin, galactose-binding, soluble, 3 binding protein 2.7
Downregulated
Mir3966 MicroRNA 3966 14
Olfr228 Olfactory receptor 228 —14
Cachd1 Cache domain containing 1 -1.6
Snora36b Small nucleolar RNA, H/ACA box 36B -1.7
Slc39a5 Solute carrier family 39 (metal ion transporter), member 5 —-1.7 Metabolic
Tmem30b Transmembrane protein 30B -1.7
Glp1r Glucagon-like peptide 1 receptor -1.7 Organismal injury
Ptprn2 Protein tyrosine phosphatase, receptor type, N polypeptide -1.7
Prir Prolactin receptor —-1.7
Gm25482 Predicted gene, 25482 —-1.8
Wars Tryptophanyl-tRNA synthetase -1.8
Gls2 Glutaminase 2 (liver, mitochondrial) -1.9 Organismal injury
Sultic2 Sulfotransferase family, cytosolic, 1C, member 2 —-2.0
Hbb-bs Hemoglobin, beta adult s chain —-2.2
Hbb-bt Hemoglobin, beta adult t chain —3.1

aThe top 30 genes that have the largest fold increase and all genes with the largest fold decrease in expression, as well as the lowest P value, are listed. Genes
having function in the 7 diseases or functions most affected by HuR overexpression are in boldface.

observed in hHuR-transfected cells compared to vector control-transfected cells
(Fig. 10B and C). A messenger ribonucleoprotein IP (mRNP-IP) assay was performed
on fractionated, cytoplasmic lysates of transfected cells to identify HuR-bound
target mRNAs (Fig. 10D). Assessment of previously predicted HuR targets, Stat7 and
B2m (21), along with top microarray hits, Reg3g and CFD, were analyzed for their
relative expression in RNA extracted from cytoplasmic IP samples (Fig. 10D). In
addition to an established HuR target, Cox-2 (8), only the predicted HuR targets,
Stat1 and B2m, showed significant binding to HUR compared to the IgG control,
whereas REG3g and CFD did not. Taken together with microarray data (Fig. 9), these
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FIG 9 Microarray analysis comparing gene expression in pancreata of TC and C mice. (A) Venn diagram. Of 124 genes having the largest fold difference in
expression (100 increased in TC [red], 24 decreased [blue]), 72 genes also had the lowest P values (57 increased, 15 decreased). (B) Heat map indicating 57 genes
with increased expression in TC and 15 genes with decreased expression. Pancreata of 3 females (F) and 3 males (M) for each genotype were analyzed. (C)
Immunoblots of TC and C pancreas protein extracts probed for REG3g and CFD. GAPDH serves as gel loading control.

data support a role for HuR in the direct regulation of some genes associated with
the proinflammatory response. We conclude that elevated expression of other
genes (e.g., Reg3g and CFD) is an indirect consequence of HUR overexpression.

HuR overexpression in pancreas does not initiate tumorigenesis. It is well
documented that HuR is highly expressed in many tumor types, including oral, gastric,
colorectal, lung, breast, renal, skin carcinoma, mesothelioma, ovary, and pancreas
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TABLE 2 Genes having altered expression (TC vs C pancreas) associated with cell death,
survival, growth, and proliferation?

Functions Genes

Cell death and survival JUN, Cxcl9, IRF9, PLA2G7, TP53INP1, GLP1R*, MAT2A, VCAM1,
H2-K2/H2-Q9, STAT1, CDKN1A, DCDC2, PTPRN2*, ATP1B3,
B2 M, Ms4a4b, Oas1b, GLIPR1, HLA-A, PRLR*, Irgm1, IFIHT,
IFITb, CFD, FCGR3A/FCGR3B

Cell growth and JUN, B2 M, TP53INP1, IFITM3, NFKB1A, VCAM1, Ms4a4b, HLA-A,
proliferation PRLR, Igm1, STAT1, IFIH1, CDKNTA, SIfn2, LGALS9B, IFI1b,
FCGR3A/FCGR3B

aGenes among the top 30 genes having the largest fold increase in expression are in boldface. Genes with
the largest fold decrease in expression are designated with an asterisk.

(22-24), supporting a role for HUR overexpression in tumor progression. To determine
whether HuR overexpression can facilitate tumor initiation, we examined H&E-stained
sections of pancreata from TC mice =10 months old (n = 17 mice aged 10 to 15
months). In all TC pancreata examined, no precancerous PanIN lesions or adenocarci-
nomas were observed, consistent with our observation in 8-month-old TC mice (Fig. 6).
The absence of Alcian blue staining in TC pancreata from mice of all ages examined
confirmed the absence of PanINs (data not shown). In the absence of driver mutations
(i.e., KRAS), HUR overexpression alone does not appear to initiate tumor development
in the pancreas.

HuR overexpression, in combination with Kras$12P/+—, accelerates pancreatic
dysplasia and enhances tumorigenesis. KRAS mutations are commonly observed in
pancreatic tumors and accepted as an early tumor-initiating event (25, 26). Our data
showing pancreatic HuR overexpression elicits an inflammatory phenotype without
evidence of PanIN involvement suggested a role for HuR in PDAC progression down-
stream of a mutant KRAS initiating event. To test this, we generated [LSL-Kras©'2P/+ +
Traffic/HuR + Pdx1/Cre] triple transgenic mice (KTC) with the hypothesis that Kras¢'2P
in combination with HuR overexpression would enhance the development of pancre-
atic tumors.

As expected, HuR protein expression is increased in pancreata of KTC mice com-
pared to KC mice (Fig. 11A). Cytoplasmic HuR was observed in both KC and KTC
pancreata of 9-week-old mice in areas of abnormal pathology resulting from expression

TABLE 3 Genes having altered expression (TC versus C pancreas) associated with disease

classes?
Disease class Genes
Endocrine disorder CTSS, SLC39A5% OAS1, Ccl8, APOD, Tgtp1/Tgtp2, B2 M, IFITM3,
GLP1R*, Ms4a4b, PRLR*, HLA-A, Irgm1, Gbp8, STATI1, GBPS,
HLA-DRB5, IF144, LGALS9B, IFI16, Gm4951, ligp1, MPEG1
Gastrointestinal JCHAIN, Ccl8, PIGR, Tgtp1/Tgtp2, IFITM3, GLP1R*, Gbp8, STATI,
disease HLA-DRB5, MPEGT1, CTSS, SLC39A5* OAS1, Hbb-b2, APOD,

Hbb-b1, B2 M, Ms4a4b, HLA-A, Irgm1, PRLR*, GBP6, IFI44,
LGALS9B, IFI16, Gm4951, ligp1

Immunological disease JCHAIN, Ccl8, PIGR, Tgtp1/Tgtp2, IFITM3, USP18, GLP1R*, GbpS8,
STAT1, HLA-DRB5, LGALS3BP, PTPRN2*, MPEGI, CTSS, OASIT,
Hbb-b2, B2 M, Ms4a4b, HLA-A, Irgm1, Bst2, GBP6, IFI44,
IFI16, Gm4951, ligp1

Metabolic disease Ccl8, PIGR, Tgtp1/Tgtp2, IFITM3, GLP1R*, Gbp8, STAT1, HLA-DRB5,
MPEG1, CTSS, SLC39A5%, OAS1, Hbb-b2, B2 M, Ms4a4b, HLA-A,
Irgm1, PRLR*, GBP6, IFI44, LGALS9B, IFI16, Gm4951, ligp1

Organismal injury and/ JCHAIN, Ccl8, PIGR, Tgtp1/Tgtp2, USP18, IFITM3, GLP1R*, GbpS8,

or abnormality STAT1, HLA-DRB5, LGALS3BP, PTPRN2*, MPEGT1, CTSS,

SLC39A5*, OAS1, Hbb-b2, APOD, OAS2, Hbb-b1, B2 M,
SULT1C2%, Ms4a4b, HLA-A, PRLR*, Irgm1, Bst2, GBP6, IFl44,
LGALG69B, IFI16, Gm4951, ligp1

aGenes among the top 30 genes having the largest fold increase in expression are in boldface. Genes with
the largest fold decrease in expression are designated with an asterisk.
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FIG 10 HuR RNP-IP assays of selected proinflammatory mRNAs. (A) gRT-PCR analysis of murine Pan02 cells transfected with
a human HuR expression plasmid or empty vector using probes that detect human HuR. RNA extracted from human PDAC cell
line Hs766T serves as positive control. (B) Validation of mMRNP-IP performed with total and cytoplasmic fractions of Pan02 cells
transfected with either HUR overexpression plasmid or vector control; a-tubulin was used as a loading control for the input
and a negative control for the immunoprecipitation samples. Hs766T, Hs766TAHuR (60), and a human normal pancreatic line,
HPNE, serve as controls. (C) Quantification of total HuR protein relative to a-tubulin levels. (D) Relative binding of mRNA targets
to HuUR, normalized to respective IgG controls, determined by qRT-PCR using GAPDH mRNA as a loading control and Cox-2 as
a positive control. *, P < 0.01; **, P < 0.001; n.s., not significant.

of Kras®'2P (Fig. 11B). Significant chronic inflammation was observed in H&E-stained
sections of KTC pancreata as early as 3 weeks of age and increased in both KC and KTC
pancreas with age (Fig. 12). Ductal proliferation was also prominent in pancreata of KC
and KTC beginning at 6 weeks of age. Ducts displaying precancerous PanIN-1A lesions
were present in <50% of ducts in KC and KTC pancreata beginning at 6 weeks of age.
By 12 weeks, >50% of ducts in KTC mice displayed PanIN-1A, whereas the percent was
still <50% in KC pancreas. In young mice (3 to 12 weeks old), protein markers of
inflammation and fibrosis were enhanced in KTC mice compared to KC mice (Fig. 13).
As both KTC and KC mice age, pancreatic histology becomes increasingly disorganized
and dysmorphic; in addition to an increased number and grade of PaniIN lesions, there
is extensive chronic inflammation, fibrosis, ductal proliferation, and neutrophilic inflam-
mation (Fig. 14A and B). We monitored 10- to 18-month-old KTC and KC mice for the
presence of pancreas tumors. We identified PDACs in 5/29 (17%) KC mice and in 8/14
(57%) KTC mice (P < 0.001) (Fig. 14C and D). These data support the idea that the
inflammatory microenvironment in KTC pancreas enhances Kras®'2P-promoted tumor-
igenesis.

Extrapancreatic Traffic’HuR transgene expression reduces the incidence of
papillomas. The presence of mucocutaneous papillomas in KC mice has previously
been reported and attributed to activity of the Pdx1 promoter that regulates Cre
recombinase expression (27). We also observed facial and anal papillomas in KC and
KTC mice. Interestingly, the percentage of KC mice with facial and anal tumors was
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FIG 11 HuR expression in KC and KTC mice. (A) Immunoblot of protein extracts from pancreas from KC
and KTC mice. GAPDH serves as gel loading control. (B) Pancreas sections from 9-week-old KC and KTC
pancreas immunostained for HUR. Asterisks indicate cytoplasmic HuR in regions of ductal proliferation in
KC and KTC pancreas.

significantly higher (P < 0.0001) than the percentage of KTC mice (for facial tumors, KC,
41/73 [56%)], KTC, 17/48 [35%)]; for anal tumors, KC, 29/73 [40%)], KTC, 9/48 [19%]). We
assigned a score from 1 to 5 to each tumor based upon its size. KC tumors were larger
than KTC tumors, but this increase in size was not significant (Fig. 15A and B).

HuR expression is elevated in human pancreatitis and PDAC tumorigenesis. We
have previously shown that weak to moderate nuclear HuR expression occurs in normal
pancreatic ductal and acinar cells, whereas elevated nuclear expression of HUR was
observed in PDACs and was associated with cytoplasmic HuR accumulation (2). To
determine the state of HuR expression in human pancreatitis and PanIN lesions, HUR
expression was evaluated by immunohistochemistry (IHC) using human tissue arrays
containing pancreatitis, PanIN, and PDAC tissues (Fig. 16A). HUR immunoreactivity was
elevated in chronic pancreatitis and progressively increased in PanIN-1, PanIN-2, and
PDACs, with elevated ductal cell staining. The cytoplasmic abundance of HuR was
increased in PanIN lesions and PDACs. To evaluate expression patterns of HuR, tissue
sections were assigned immunoreactivity scores (IRS) and grouped as low IRS of 0 to 6
or high IRS of 7 to 12 (Fig. 16B). In chronic pancreatitis, HUR immunoreactivity ranged
from low (65%) to high (35%) IRS, whereas HuR expression displayed a shift toward high
immunoreactivity in 60% of the PanIN-1 samples and in all of the PanIN-2 and PDAC
samples.

DISCUSSION

We present histologic, metabolic, and gene expression evidence that targeted
overexpression of the RNA-binding protein HuR to the pancreas in a novel transgenic
mouse model, called Traffic-HUR/Cre (TC), elicits a fibroinflammatory reaction charac-
teristic of the pathological hallmarks of chronic pancreatitis. We note that human and
mouse HuR protein sequences are 98.5% homologous. While several genetic models of
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12 wks

FIG 12 H&E-stained sections of KC and KTC pancreas from 3-week- and 12-week-old mice. Examples of
areas of immune infiltrates and ductal proliferation are enlarged in boxed images. Arrows indicate PanIN-1A

lesions. Scale bars, 20 um.

chronic pancreatitis exist that alter individual gene expression (28, 29), the TC model
uniquely alters expression of the RNA-binding protein HuR that can impact expression
of hundreds of genes through posttranscriptional regulation. It is interesting that
several of the existing mouse models for chronic pancreatitis are based on altered
expression of HuR target genes (e.g., Cox-2 [30], K-ras [31], Eif2ak-2 [32], IL-18 [33], and
transforming growth factor 81 [34] genes).

HuR is located primarily in the nucleus of healthy cells, and it functions in posttran-
scriptional RNA trafficking and maintaining cellular homeostasis. When cells are
stressed due to environmental insult of normal cells (e.g., smoking and chronic alcohol
abuse) or to cancer-related stress (e.g., hypoxia, chemotherapeutic exposure, and
nutrient deprivation), HuR is activated and translocates to the cytoplasm. Prior to
transit, it binds to selected mRNA transcripts, most of which are known to be proin-
flammatory, thereby stabilizing them and transporting them to the cytoplasm. In TC
mice, HuR overexpression is genetically induced in normal pancreas cells, and we
observed elevated cytoplasmic HuR. Given our understanding of HuR’s role in post-
transcriptional regulation of many genes under stressful conditions, it is reasonable to
surmise that constitutively activated HuR in the pancreas leads to the observed
fibroinflammatory reaction in an attempt to overcome a stressful imbalance in gene
expression. Thus, HUR overexpression in the pancreas of TC mice is relevant to
physiological stresses imposed on the pancreas in humans, thereby providing an
alternative to the widely used chemical induction of acute and chronic pancreatitis by
cerulein induction (35-37).
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vimentin

collagen-1

FIG 13 Fibroinflammatory gene expression in KC and KTC pancreata. Sections of pancreas of KC and KTC
mice immunostained for markers of immune cells (CD3), inflammation (TNF-a), and fibrosis (vimentin,
a-SMA, and collagen 1). Scale bars, 20 um.

HuR has a recognized role in inflammation (38). Through its regulation of mRNAs
encoding both proinflammatory proteins (e.g., COX-2, TNF-«, and IL-6) as well as
proteins that inhibit production of anti-inflammatory factors (e.g., thrombomodulin),
HuR has been implicated in promoting inflammation associated with several disease
conditions, including rheumatoid arthritis, inflammatory bowel disease, asthma, vascu-
lar inflammation, and atherosclerosis, in HIV patients undergoing protease inhibitor
therapy. This study is the first report to demonstrate directly an inflammatory response
to HuR overexpression resulting in chronic pancreatitis. Double transgenic mouse
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FIG 14 Histopathology and PDACs in KC and KTC pancreas. H&E-stained sections of 32-week-old (A and C) KC and (B and D) KTC pancreas.
PanIN-1A (arrowheads) and PanIN-1B (arrows) lesions are present. Alcian blue staining in panels C and D highlights mucus-containing
PanIN lesions. H&E-stained sections of well-differentiated PDACs in 44-week-old KC mouse (E) and 49-week-old KTC mouse (F). Note
extensive fibrosis in tumors. Scale bars, 50 um.

models combining the Traffic-HUR transgene with transgenes in which Cre recombi-
nase is driven by tissue-specific promoters other than Pdx1 may provide useful models
for studying HuR's role in other inflammatory diseases.

The level of HuUR protein in the pancreas of TC mice is >2-fold higher than that in
pancreas of nontransgenic mice. This increase in HUR expression is particularly evident
in acinar and ductal epithelial cells upon immunostaining of pancreas of TC mice of all
ages. Progressive pancreatic histopathology ensues as mice age, resulting in extensive
dysplasia in the exocrine parenchyma, including ductal proliferation, cystic duct for-

February 2018 Volume 38 Issue 3 e00427-17 mcb.asm.org 16


http://mcb.asm.org

Pancreatic HuR Overexpression Promotes Inflammation

A facial
60 1 score
(0]
g 50, anal S5
1% 1
(2) g 40 m4
FE m3
S < 2 . m2
€% 4 w1
e 0
KC TKC KC TKC
Score
B
anal
facial

FIG 15 Anal and facial papillomas in KC and KTC mice. (A) Incidence of facial and anal tumors of various sizes in KC and TKC
mice. (B) Images of anal and facial papillomas representative of the scoring system that was adopted to rate tumor size (1,

smallest; 5, largest).

mation, and a massive diminution and replacement of acinus cells by adipocytes. We
confirmed histological observations of chronic inflammation and fibrosis by immuno-
staining and Western blot analyses of specific protein markers of fibrosis (a-smooth
muscle actin, vimentin, and collagen 1), immune infiltrates (CD3" T cells, CD45* B cells,
and CD86™ antigen-presenting cells), and markers of inflammation (COX-2, TNF-«, and
IL-6 expression).

Together with known environmental and physiological risk factors (e.g., cigarette
smoking, alcoholic abuse, Helicobacter pylori infection, and obesity) (16, 39), chronic
pancreatitis in its most advanced state in humans can lead to endocrine dysfunction
and diabetes (40). We observed severe glucose intolerance in 8-month-old male TC
mice, but insulin serum levels were normal, suggesting that overt diabetes had not yet
evolved. Glucose intolerance was first detected in female TC mice at 11 months of age.
Pancreas weight relative to body weight in 8-month-old male TC mice is less than that
in females of the same age (Fig. 6) and may account for the observed difference in the
onset of glucose intolerance between genders. Similarly, lipase, amylase, triglycerides,
and cholesterol serum levels were also within the normal range in 8-month-old mice
despite significant exocrine dysplasia. This may reflect the great functional reserve of
the exocrine pancreas that has been noted by others (41, 42). Production of lipase by
other organs in the intestinal tract, including esophagus, duodenum, stomach, and
colon (43), also may mask reduction of lipase produced by the pancreas.

Chronic pancreatitis is also a known risk factor for pancreatic cancer (39, 44-48). We
did not observe preneoplastic PanIN lesions and PDACs in HuR-overexpressing pan-
creas, even in TC mice over a year old. We conclude that overexpression of HuR in itself
is not oncogenic. However, in the context of an oncogenic initiating event (i.e.,
K-rasS12P mutation), HUR overexpression promotes development of numerous high-
grade PanlINs in triple transgenic KTC mice (activated Kras®'2P plus HUR overexpres-
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FIG 16 Expression of HuR in human PDAC progression. (A) Immunohistochemical detection of HuR
expression in chronic pancreatitis (Ch Pan), PanIN-1, PanIN-2, and PDAC. Representative tissue sections
were examined for HuR expression and counterstained with hematoxylin. Scale bars, 100 um. (B)
Immunoreactivity scores (IRS) for HUR expression in tissue sections of Ch Pan, PanIN-1, PanIN-2, and
PDAC. *, P < 0.05; **, P < 0.01.

sion). Similarly, 8/14 (57%) KTC mice developed PDACs, whereas only 5/29 (17%) KC
mice had PDACs. HuR overexpression promoted a more severe fibroinflammatory
environment in KTC pancreas than in KC mice (Fig. 12 and 14).

Thus, in addition to showing that HuR overexpression in the pancreas results in
clinical features of pancreatitis, this study also establishes that HuR drives enhancement
of PDAC tumorigenesis when combined with the K-ras©'2P oncogene. These results are
consistent with the observation that PDACs develop from a combination of genetic
mutations (e.g., activated K-ras¢'2P) and nongenetic events (e.g., chronic fibroinflam-
mation) (49). These results are also consistent with our observations during colorectal
tumor progression using intestine-specific HUR overexpression. When overexpressed in
intestinal epithelial cells, HuR did not initiate tumor formation but served to promote
tumor progression downstream with loss of the APC tumor suppressor or during
colitis-associated carcinogenesis (unpublished data). The fact that HuR overexpression
in combination with K-ras¢'2P in KTC pancreas increases the frequency of PDACs
compared to that in KC mice appears at first to be at odds with recent evidence
suggesting that HUR posttranscriptional regulation of KRAS itself results in suppression
of its expression (50). This observation may serve to reinforce the strong influence of an
inflammatory microenvironment on tumorigenesis.

HuR overexpression in the pancreas by itself did not result in the development of
PDAC. Nevertheless, the intense fibroinflammatory response elicited by HuR overex-
pression may shed light on the role that HuR plays in the extensive desmoplastic
deposition characteristic of PDAC. It further suggests that therapies that target HuR to
pancreatic tumor cells, especially those that have a K-ras©'2P activating mutation, may
be effective in suppressing proliferation of both tumor cells and desmoplastic stromal
cells. Finally, it also validates that mutant KRAS is a strong driving force in pancreatic
tumorigenesis and that additional nongenetic insults (like HUR overexpression) can
cooperate to form tumors.
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An interesting aspect of this study is evidence suggesting that while HUR overex-
pression in the pancreas results in cellular atypia and loss of normal tissue organization,
HuR may also attempt to maintain homeostasis and reduce cellular dysfunction result-
ing from its overexpression in noncancerous tissues. It may do so by posttranscription-
ally regulating expression of selective genes. Thus, in contrast to a decrease in
serum CFD observed in obese mice (51), we observed increased expression of CFD,
an anti-inflammatory adipokine, in the inflammatory microenvironment of HuR-
overexpressing pancreas. Similarly, the reduced frequency and mass of benign facial
and anal papillomas in KTC mice compared to KC mice (Fig. 15) may be attributed to
differences in the tumor microenvironment that support HuR suppression of tumor
growth of some tumors compared to others. Expression of Cox-2, an enzyme that
mediates prostaglandin synthesis, is posttranscriptionally regulated by HuR (8, 52).
Cox-2 overexpression in the murine exocrine pancreas results in chronic inflammation
and pancreatitis-like dysplastic features similar to those we have observed in HuR-
overexpressing pancreas (30). Lesions in older mice in the Cox-2 model, however,
showed ductal metaplasia and PanINs more typical of overt pancreatic cancer, again
suggesting that HuR overexpression in TC pancreas results in a fibroinflammatory
stromal response and at the same time aims to suppress neoplastic progression. Our
data suggest that in the presence of both activated KRAS and HuR overexpression in
the pancreas, the ability of a chronic inflammatory microenvironment to initiate and
support tumorigenesis often wins out over tumor suppression. Therapeutics that target
HuR expression in the pancreas may effectively reduce multiple factors contributing to
inflammation, thereby stemming PDAC growth.

Comparison of microarray analyses of RNAs prepared from pancreas of 6-month-old
TC and C mice revealed multiple genes whose expression was different, either elevated
or suppressed, as a consequence of HuR overexpression. A majority of these genes fell
into functional groups that were consistent with the observed TC pancreas histopa-
thology. mRNP-IP analysis of selected genes showed that some (Cox-2, Stat1, and B2m)
are direct targets of HuR, while others (Reg3g and CFD) appear to be indirect targets.
Of note, poly(ADP-ribosyl)ation (PARylation) of HuR by PARP1 has been shown to
stabilize mRNAs of proinflammatory cytokines/chemokines (53). We observed elevated
expression in HuR-overexpressing TC pancreata of two other poly(ADP-ribose) poly-
merase family members, PARP12 and PARP14.

Interestingly, we also observed a 2.7-fold increase in apolipoprotein D (ApoD)
expression in TC pancreas. This is noteworthy because transgenic mice that overexpress
ApoD in liver develop hepatic steatosis (54), suggesting that ApoD plays a role in the
observed pancreatic steotosis in TC mice as well. It also should be noted that due to the
chimeric nature of Cre-recombinase-mediated recombination, the effect of HuR over-
expression on gene expression in acinar, ductal epithelial, and islet cells may be
underestimated. Laser capture analyses of RNAs isolated from exo- and endocrine cells
and from stromal cells in TC and C pancreas will be informative about the cross talk
between cell populations that affects gene expression and cell function. Ultimately,
informed analysis of microarray data may provide leads to identify new therapeutic
targets, in addition to HuR itself, for the treatment of pancreatitis, diabetes, and PDAC.

Finally, the TC mouse model provides an excellent preclinical tool with which to
evaluate novel pancreas-targeted therapeutics for the treatment of pancreatitis and for
increasing our understanding of the role of inflammation in the progressive changes
leading to endocrine dysfunction, diabetes, and cancer.

MATERIALS AND METHODS

Mice. Fourteen founder Traffic-HuR transgenic mice were generated by oocyte DNA microinjection
(Cyagen) of Flag epitope-tagged HuR (human) cDNA (8) cloned into the inducible transgenic vector
pTraffic (55). Based upon high DsRed2 expression, two founders were selected for expansion to generate
transgenic lines maintained on a C57BL/6J genetic background (C57BL/6J mice from Jackson Laboratory).
Initial characterization of transgene expression and associated pathology was done on TC mice gener-
ated from both founder lines. No observable differences between lines were detected. Pdx1/Cre and
B6.129-Krast™*™i mice were from Jackson Laboratory and the NCI-Frederick Mouse Repository, respec-
tively. Animals were maintained under the guidelines of the Guide for the Care and Use of Laboratory
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TABLE 4 Antibodies used for Western blot analyses and immunostaining

Antibody Source Product no. Primary antibody dilution
Anti-HuR (3A2) (Western blots) Santa Cruz sc-5261 1:500-1:1,000
Anti-HuR (19F12) (mouse pancreas immunostaining) Clonegene CGF12 1:5,000
Anti-HUR (19F12) (human pancreas microarray IHC) Molecular Probes A21277 1:250
Anti-GAPDH (6C5) Ambion AM4300 1:8,000
Anti-lamin A/C Santa Cruz Sc-6215 1:500
Anti-beta actin, clone AC-15 Sigma-Aldrich A5441 1:10,000
Antiactin, alpha-smooth muscle Sigma-Aldrich A5228 1:1,000
Anti-REG3G Abcam ab198216 1:250-1:500
Antiadipsin (C3) Santa Cruz sc-373860 1:500
Anti-Cox2 (EPR12012) Abcam ab179800 1:1,000
Anti-PDCD4 (D29C6) XP Cell Signaling 9535 1:1,000
Anti-collagen type | Millipore ABT123 1:2,000
Anti-CD45 BioLegend 103121 1:200
Anti-CD80 Abcam ab64116 1:1,000
Anti-CD86 Abcam ab213044 1:1,000
Anti-CD3 (SP7) Abcam ab16669 1:200
Anti-TNF-« (52B83) Abcam ab1793 1:500
Anti-HIF-1 alpha Ab-4 (Clone H1alpha67) Thermo Scientific MS-1164-P 1:500
Antivimentin (EPR3776) Abcam ab92547 1:2,000
Anti-IL-6 (D5W4V) XP Cell Signaling 12912 1:500

Animals (61) and under the evaluation and approval of the Institutional Animal Care and Use Committee
(Lankenau Institute for Medical Research).

Cell culture and cell transfection. Hs766T and HPNE cells were purchased from the American Type
Culture Collection (ATCC), and Pan02 cells were obtained from the NCI DTP Tumor Repository (Frederick,
MD). All cells were grown in media as recommended by the supplier. Transient transfection of Pan02 cells
with HuR cDNA plasmid was performed as previously described (1).

RT-qPCR and mRNA expression analysis. Total RNA was extracted from transfected cells and then
analyzed by reverse transcription-quantitative PCR (RT-qPCR) to assess transfection efficiency. RNA was
isolated 48 h posttransfection. A Turbo DNase kit was used to eliminate residual plasmid from extracted
total RNA (Ambion) in an effort to avoid detection of exogenous cDNA plasmid remaining after
posttransfection washes. Total RNA extraction was reverse transcribed, and RT-gPCR was performed as
previously described (56). Relative quantification was performed using the 2-44¢T method (1, 56).

Immunoblot analysis. Whole-cell pancreas extracts were prepared in radioimmunoprecipitation
assay (RIPA) buffer containing proteinase inhibitors. Extract protein concentrations were determined
using the bicinchoninic acid (BCA) protein assay kit (Pierce). Three pancreata each from C and TC mice
were assayed. Cytoplasmic extracts of pancreas and cell lines were isolated using the NE-PER nuclear and
cytoplasmic extraction kit (Thermo-Scientific, Waltham, MA) per the manufacturer’s instructions. Soluble
proteins were separated on 10% SDS-PAGE gels and analyzed by Western blotting using HUR monoclonal
antibody (MAD) clone 3A2 (Santa Cruz Biotechnology) and others as previously described (56) (Table 4
provides a complete list of antibodies used in this study). Membranes were developed and quantified
with either ECL (Pierce) and ImageJ or with the Odyssey infrared imaging system (LI-COR Biosciences).

Ribonucleoprotein immunoprecipitation assay (mRNP-IP). HuR-transfected and control cells were
fractionated, and immunoprecipitates of cytoplasmic lysates were prepared. HuR-bound mRNAs versus
1gG-bound control were detected and quantified by qRT-PCR, as previously described (1, 3, 57, 58), using
the following specific probes from Thermo Fisher Scientificc STAT1 (MmO01257286_m1), B2M
(MmO00437762_m1), REG3g (MmO00441127_m1), COX-2 (MmO03294838_g1), CFD (MmO01143935_g1),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Mm99999915_g1 and Hs02786624_g1), and HuR
(ELAVL1; Mm00516011_m1 and Hs00171309_m1).

Histology and immunostaining. Pancreata were fixed in 10% formalin for 2 h and processed for
paraffin embedding. Four-micrometer sections were deparaffinized, and hematoxylin and eosin staining
and immunostaining were performed. Prior to immunostaining, antigen retrieval was performed by
steam heating for 30 min in citrate buffer, followed by endogenous peroxidase quenching with 3%
H,0,-methanol for 20 min. After blocking, sections were incubated with primary antibody overnight at
4°C and then biotinylated secondary antibody was added for 30 min at room temperature. Signals were
amplified and visualized either using the TSA-plus fluorescence system (PerkinElmer), according to the
manufacturer’s instructions, or using the VECTASTAIN elite ABC avidin/biotin complex kit (Vector
Laboratories) followed by diaminobenzidine visualization and hematoxylin counterstaining. Slides were
imaged with a Zeiss Axiovert 200M microscope or Zeiss Axioplan microscope. Primary antibodies
included HUR MAb 19F12 (1:5,000) (Clonegene). For each genotype and age, pancreas samples from 3 to
4 mice were examined. All histological data were evaluated in a blind manner by a pathologist (W. Jian);
immunostaining data were evaluated in an independent and blind manner by two individuals (W. Peng
and J. A. Sawicki).

Pancreas sections also were stained at room temperature for 30 min with Alcian blue 8GX (Sigma-
Aldrich), a stain for acetic mucins, followed by counterstaining with nuclear-fast red for 5 min.

Immunohistochemical analysis of HuR expression was performed using pancreas intraepithelial
neoplasia, pancreatitis, and cancer tissue array BIC14011a (US Biomax Inc., Rockville, MD) that contained
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48 tissue cores from chronic pancreatitis (Ch Pan), pancreatic intraepithelial neoplasia 1/2 (PanIN-1 and
PanIN-2), and PDAC graded by histology. HUR immunostaining was performed using HuR 19F12
monoclonal antibody (A21277; Molecular Probes, Eugene, OR) at 0.5 ug/ml overnight at 4°C. A standard
staining protocol was performed, and stained tissue sections were evaluated for intensity of staining as
described previously (8, 59) using two investigators blinded to the staining procedure (V. Vishwakarma
and E. Peters). For each tissue core, five different areas were evaluated for HuR staining intensity and
percentage of area stained. The percentage of HuR-positive cells was scored on a scale of 0 to 4 (0 [0%
positive cells], 1 [<25%)], 2 [25 to 50%], 3 [50 to 75%)], and 4 [>75%)]). Staining intensity was scored on
a scale of 0 to 3 (0 [negative], 1 [weak], 2 [moderate], and 3 [strong]). The two scores were multiplied to
give an immunoreactivity score (IRS) ranging from 0 to 12.

Gene expression microarray analysis. A protocol was adopted that avoided RNA digestion result-
ing from very large RNase amounts in the pancreas. Immediately following euthanasia, pancreas was
injected with RNAlater (Qiagen). Following dissection, the pancreas was kept in RNAlater on ice until
ready for preparation. The tissue was homogenized in 8 ml of QIAzol (Qiagen), and then 1.5 ml lysate was
centrifuged (at 12,000 X g) for 5 min at 4°C. RNA was purified from 700 ul supernatant using the Qiagen
total RNA extraction protocol (Qiagen). RINe values for RNA preparations were determined, and only
those of sufficient quality were prepared and used for microarray analysis. cRNAs were prepared from
total RNAs and then used to generate cDNAs. cDNAs were labeled using the Affymetric WT plus kit (250
ng/sample). Gene level differential expression analysis was performed on an Affymetrix mouse transcrip-
tome array 1.0. Software used to analyze microarray data included Gene Expression Console, Transcrip-
tome Analysis Console, and Ingenuity Pathway Analysis. Microarray data were normalized using the
SST-RMA algorithm. RNAs from pancreas of TC and C mice were analyzed (3 females and 3 males for each
genotype; 1 microarray/specimen).

Glucose tolerance test (GTT). Eight-month-old male and female TC and C mice were fasted
overnight before assay (n = 7 to 9 mice for each genotype/gender). Glucose (1 g/kg of body weight) was
injected intraperitoneally, and blood samples from mouse tail were taken before and at 10, 20, 30, 60,
90, and 120 min after glucose injection for glucose measurement with a glucometer (Alpha TRAK2).

Insulin, amylase, lipase, triglyceride, and cholesterol assays. Serum insulin level was measured
using the mouse insulin enzyme-linked immunosorbent assay kit (Thermo Scientific). Serum triglyceride
and cholesterol concentrations were assayed using L-type triglyceride M and cholesterol E kits (Wako
Diagnostics). Each sample was measured in triplicate. Serum amylase and lipase assays were performed
by IDEXX BioResearch (North Grafton, MA). All assays were done in triplicate.

Lipid staining. Oil Red O staining was performed with the Pico Sirius red stain kit (Abcam).

Statistical analysis. Differences in final blood glucose concentrations in GTTs were determined using
a two-tailed Student t test. A Microsoft Excel analysis based on Reimann sums was used to approximate
the area under the curve (AUC) of GTT data. Pearson’s chi-square test was used to evaluate differences
in facial and anal papilloma prevalence between populations of genetically different mice. HuR IRS values
were plotted as groups based on tissue core pathology and compared using two-tailed Student ¢ test.

Accession number(s). The microarray data have been deposited in the GEO database under
accession number GSE102508.
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