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Intestinal adaptation to small-bowel resection (SBR) after necrotizing enterocolitis expands absorptive
surface areas and promotes enteral autonomy. Survivin increases proliferation and blunts apoptosis. The
current study examines survivin in intestinal epithelial cells after ileocecal resection. Wild-type and
epithelial Pik3r1 (p85a)-deficient mice underwent sham surgery or 30% resection. RNA and protein were
isolated from small bowel to determine levels of b-catenin target gene expression, activated caspase-3,
survivin, p85a, and Trp53. Healthy and post-resection human infant small-bowel sections were analyzed
for survivin, Ki-67, and TP53 by immunohistochemistry. Five days after ileocecal resection, epithelial
levels of survivin increased relative to sham-operated on mice, which correlated with reduced cleaved
caspase-3, p85a, and Trp53. At baseline, p85a-deficient intestinal epithelial cells had less Trp53 and
more survivin, and relative responses to resection were blunted compared with wild-type. In infant small
bowel, survivin in transit amplifying cells increased 71% after SBR. Resection increased proliferation and
decreased numbers of TP53-positive epithelial cells. Data suggest that ileocecal resection reduces p85a,
which lowers TP53 activation and releases survivin promoter repression. The subsequent increase in
survivin among transit amplifying cells promotes epithelial cell proliferation and lengthens crypts. These
findings suggest that SBR reduces p85a and TP53, which increases survivin and intestinal epithelial cell
expansion during therapeutic adaptation in patients with short bowel syndrome. (Am J Pathol 2016, 186:
1837e1846; http://dx.doi.org/10.1016/j.ajpath.2016.03.008)
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Intestinal failure from short bowel syndrome (SBS)
secondary to intestinal resection leads to significant morbidity
and mortality.1 Necrotizing enterocolitis (NEC) is a common
and often fatal surgical emergency in preterm infants and is the
leading cause of SBS in pediatrics.2 Increasing survival rates
among premature infants has resulted in increased incidence of
NEC and SBS. Patients with SBS often require long-term total
parenteral nutrition to allow time for the intestine to adapt and
compensate for the intestinal loss.3 These factors impose a
significant burden on the patient and economic challenges for
the health care system.4

The mammalian intestine is highly proliferative, with
intestinal epithelial cell (IEC) turnover occurring every 4 to
5 days.5 IEC proliferation is tightly regulated and crucial for
stigative Pathology. Published by Elsevier Inc
rapid repair after intestinal injury or loss. After damage, the
remnant bowel compensates for the loss of surface area via a
complex process known as intestinal adaptation. Intestinal
. All rights reserved.
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adaptation involves IEC proliferation, villus lengthening,
and crypt elongation, which improve fluid and nutritional
absorption. The increase in IEC proliferation occurs pri-
marily in the transit amplifying (TA) zone in the mid-
crypt.5,6 This adaptive process can take several years to
occur, if ever, and the mechanisms remain poorly under-
stood.3 Mouse intestinal resection models that mimic the
proliferative aspects of human SBS (ie, villus lengthening
and crypt elongation) provide useful tools for exploring
mechanisms of post-surgical adaptive processes.7,8

Survivin (encoded by the gene BIRC5) is expressed in the
progenitor/stem cell zone of the intestinal crypt. Survivin is
a Wnt target gene and member of the inhibitor of the
apoptosis protein family.9 Survivin reduces apoptosis by
inhibiting caspase-3 activation and promotes G2/M phase
cell cycle progression.9 As a Wnt target, survivin tran-
scription is activated by b-catenin and is repressed by the
tumor suppressor TP53.10

The TP53 protein is highly regulated by post-translational
modification.11 Phosphorylation of Ser9 (TP53Ser9) is
important for transcriptional repression of survivin gene
expression.12 N-terminal phosphorylation, including Ser9, is
also known to enhance TP53 stability by enabling the
acetylation of Lys370 (K370) by the coactivator p300/
CBP.12 Song et al13 demonstrated that TP53 acetylation is
dependent on the phosphoinositide 3-kinase regulatory
subunit (PIK3R1) p85a during the stress response. Acety-
lated TP53 has a stronger DNA binding capacity and
potentially leads to increased transcriptional activity.14

Recent observations highlighting the critical role of TP53
in preventing stem cell expansion provide insight into why
reductions in TP53 activation post-resection may be mech-
anistically relevant to adaptive processes.13

Using a distal small-bowel resection (SBR) model as
opposed to massive SBR, Dekaney et al7 showed significant
crypt branching and intestinal epithelial stem cell activation
at day 7 after resection. This ileocecal resection (ICR) model
closely mimics SBS secondary to NEC, which often affects
the distal small bowel and proximal colon. To examine
signaling mechanisms before crypt fissioning, we used this
model to investigate the IEC responses 5 days after ICR. We
found that the b-catenin target gene survivin is up-regulated
5 days after ICR. Survivin has many functions that are
potentially advantageous to the adaptation process: i) it is
expressed in the stem/progenitor compartment in the intes-
tinal crypt, ii) it inhibits apoptosis, and iii) it promotes cell
cycle progression. In this study, we interrogated the mech-
anism of survivin induction after ICR because this may play
an important role in clinical adaptation to SBS.

Materials and Methods

Mice and Surgery

C57BL/6J [wild type (WT)], AhCre, and VillinCre mice
were purchased from Jackson Laboratory (Bar Harbor, ME).
1838
To delete p85a specifically from epithelial cells, AhCre or
VillinCre mice were bred with pik3r1fl/fl mice (a gift from
Lewis Cantley, Weill Cornell Medical College, New York,
NY). These are referred to as p85DIEC mice. For AhCre
mice, the cre-recombinase was induced by i.p. injection of
80 mg/kg of b-naphthoflavone (Sigma, St. Louis, MO)
dissolved in 8 mg/mL corn oil (Sigma) every day for 6 days.
Mice were maintained under specific pathogen-free condi-
tions, and all experiments were approved by the Institutional
Animal Care and Use Committee. Sham-resected mice un-
derwent small intestinal transection at the jejunoileal junc-
tion, approximately 10 cm distal to the ligament of Treitz,
followed by reanastomosis without resection. Experimental
mice underwent ICR, removing both ileum and cecum
(approximately 30%). An end-to-end anastomosis between
the remaining small intestine and ascending colon was
performed using interrupted 9-0 silk sutures. Mice were
provided water and fluid replacement (2 mL Ringer’s þ 5%
dextrose, twice a day) for 60 hours after surgery. To assess
proliferative responses, mice were injected i.p. with 1 mg
bromodeoxyuridine (BrdU; Sigma) 2 hours before sacrifice.

Human Tissues

Infant (<1 year) ileum sections were analyzed by immu-
nohistochemistry (IHC) for expression of survivin, Ki-67,
and TP53. Three control and six post-resection tissues were
analyzed (Table 1). Slides were obtained from the Depart-
ment of Pediatrics, Ann and Robert H. Lurie Children’s
Hospital (Chicago, IL); the Department of Pediatrics, Van-
derbilt University and Monroe Carell Jr. Children’s Hospital
(Nashville, TN); and the Division of Pediatric General and
Thoracic Surgery, Cincinnati Children’s Hospital Medical
Center (Cincinnati, OH). All tissue collection was approved
by the ethical review boards at each institution.

IHC

Formalin-fixed, paraffin-embedded sections were stained for
BrdU (MPL International, Woburn, MA), Ki-67 (Dako,
Glostrup, Denmark), survivin (Novus Biologicals, Littleton,
CO), and TP53 (Santa Cruz Biotechnology, Dallas, TX) using
standard IHC methods. Tissues were counterstained with
hematoxylin (except for TP53 staining). For mouse studies,
positive cells and crypt lengths were measured in at least 10
well-oriented crypts in the distal jejunum. For human studies,
positive cells were counted in the crypt base (positions 1 to 5
in the hemicrypt), the TA zone (positions 6 to 15), and the
upper crypt and villi (position�16).15 Slides were imaged on
an Olympus BX41 microscope with a mounted Olympus
DP71 camera (Olympus, Center Valley, PA).

Epithelial Cell Isolation

Dissected mouse small intestine was opened lengthwise and
incubated at 4�C in Ca2þ- and Mgþ-free HBSS. The tissue
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Table 1 Patient Characteristics

Site Tissue analyzed
Age at first
surgery (days)

Age at second
surgery or
harvest (days)

Interval
(days)

Gestation
(weeks) Diagnosis

Ileum Control 12 45 33 23 NEC at day 6, Penrose drain at day
12 for perforation

Ileum Control 3 76 73 29 SIP
Ileum Control 1 42 42 33 Gastroschisis and jejunal atresia
Ileum Ostomy repair 7 76 69 30 NEC (10 cm removed)
Ileum Ostomy repair 4 61 57 27 SIP (2 cm removed)
Ileum Ostomy repair 0 53 53 Term Gastroschisis with infarcted bowel
Ileum Ostomy repair 13 88 75 25 NEC at day 14
Ileum Ostomy repair 1 56 60 Term NEC at day 1
Ileum Ostomy repair 180 252 72 Term Intestinal failure

Surgical data from three control and six small-bowel resection (SBR; ostomy repair) patients. Control patient samples were from healthy tissue taken
before resection. For SBR patients, the time to ostomy repair averaged 65 days. When noted in surgical records, resection length ranged between 2 and
10 cm.
NEC, necrotizing enterocolitis; SIP, spontaneous intestinal perforation.

Table 2 Quantitative RT-PCR Primer Sequences

Gene Sequence

Gapdh F 50-GAACGGATTTGGCCGTATTG-30

R 50-TGAGTGGAGTCATACTGGAACATGT-30

Lgr5 F 50-CAAACTTCCCAGAGCTCAAGATTAT-30

R 50-TGTTGCCGTCGTCTTTATTCC-30

c-Myc F 50-CCACCAGCAGCGACTCTGA-30

R 50-TCCACAGACACCACATCAATTTC-30

Cd44 F 50-AGCAGCGGCTCCACCATCGAGA-30

R 50-TCGGATCCATGAGTCACAGTG-30

Axin2 F 50-CGCCAACGACAGCGAGTTAT-30

R 50-CCATCTACGCTACTGTCCGTCAT-30

Birc5 (survivin) F 50-ATCGCCACCTTCAAGAACTG-30

R 50-GGCCAAATCAGGCTCGTTCT-30

Dr5 F 50-CGGGCAGATCACTACACCC-30

R 50-TGTTACTGGAACAAAGACAGCC-30

Bbc3 (puma) F 50-ATGGCGGACGACCTCAAC-30

R 50-AGTCCCATGAAGAGATTGTACATGAC-30

F, forward; R, reverse.

Survivin Expression after Resection
was then transferred to Ca2þ- and Mgþ-free HBSS con-
taining 10 mmol/L dithiothreitol (Sigma) and 50 nmol/L
calyculin A (Wako, Richmond, VA) and incubated for 30
minutes at 4�C. After incubation, the tissue was shaken
briefly and transferred to a fresh solution of Ca2þ- and Mgþ-
free HBSS with 1 mmol/L EDTA and 50 nmol/L calyculin
A. After incubation at 4�C for 1 hour, epithelial cells were
shaken vigorously for 10 to 15 minutes. Large pieces of
tissue were removed from the tube and discarded, and
epithelial cells were harvested by centrifugation at 20 � g
for 5 minutes. Supernatant was decanted, and cells were
snap frozen in liquid nitrogen.

Protein Fractionation and Western Blotting

Frozen epithelial cell pellets were thawed on ice and
passed through a 27-gauge needle in ice cold buffer (50
mmol/L Tris-HCl, pH 7.4, 100 mmol/L NaCl, and 0.01%
digitonin) containing protease (Pierce, Rockford, IL) and
phosphatase inhibitor cocktails (Sigma). Cells were incu-
bated for 5 minutes and centrifuged to obtain the cytosolic
fraction. The remaining pellet was suspended in ice-cold
buffer containing protease and phosphatase inhibitor
cocktails (50 mmol/L Tris-HCl, pH 7.4, 2% Triton X-100,
and 100 mmol/L NaCl), incubated for 30 minutes, and
centrifuged to remove the membrane and organelles.
Finally, the nuclear extract was purified by resuspension of
the pellet in ice-cold buffer, including protease and phos-
phatase inhibitor cocktails (50 mmol/L Tris-HCl, pH 7.4,
100 mmol/L NaCl, 0.5% n-dodecyl-b-D-maltoside, 2.2
mmol/L MgCl, and Benzonase) for 30 minutes at room
temperature before centrifugation.

The protein fractions were separated by SDS-PAGE
using precast gels (Lonza, Rockland, ME) and transferred
to polyvinylidene difluoride membrane (Millipore, Billerica,
MA) using a semidry electrotransfer apparatus (Bio-Rad,
Hercules, CA). The membranes were blocked with
The American Journal of Pathology - ajp.amjpathol.org
protein-free T20 blocking buffer (Pierce, Rockford, IL) and
incubated with primary antibodies specific for b-catenin
(BD Biosciences, San Jose, CA), cleaved caspase-3, total
TP53, p-TP53S9 (Cell Signaling, Danvers, MA), TATA
binding protein (Abcam, Cambridge, MA), acetyl-
TP53K370, p85a (Millipore), and b-actin (Sigma), followed
by corresponding anti-mouse or anti-rabbit secondary an-
tibodies. Proteins were detected by chemiluminescence
(West Pico or West Dura kits; Pierce). Western blots were
performed on protein isolated from at least three inde-
pendent experiments.

Real-Time PCR (Quantitative RT-PCR)

Tissue was preserved in RNALater (Qiagen, Valencia, CA)
before RNA extraction using the RNeasy Mini Kit (Qiagen).
Reverse transcription was performed using the cDNA
1839
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Figure 1 Ileocecal resection (ICR) induces
crypt intestinal epithelial cell proliferation and
elongation 5 days after surgery. A: Representative
immunohistochemistry from control (ctl), sham,
and ICR surgery showing increased bromodeox-
yuridine (BrdU) incorporation after ICR in mice.
B: Quantitation of BrdU-positive cells. C: Real-
time RT-PCR for the proliferation marker Ki-67
relative to control and normalized to levels
of glyceraldehyde 3-phosphate dehydrogenase
mRNA. D: Measurements of crypt length relative
to control. Data are shown as the means � SEM
(BeD). n Z 3 (BeD, control and sham); n Z 6
(BeD, ICR). *P < 0.05 versus control. Scale
bar Z 100 mm.

Cohran et al
Archive kit (ABI, Grand Island, NY), and real-time PCR
was performed using Power SYBR Green 2� Master Mix
(ABI) on an ABI 7500 Real-Time PCR System. Primers
were designed to span genomic DNA intron junctions for
specific amplification of mRNA. Samples were normalized
to the expression of glyceraldehyde 3-phosphate dehydro-
genase. Primer sequences for all transcripts are provided in
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Table 2. Fold increases were calculated using the DDCT

method.

Statistical Analysis

A two-tailed t-test was used to evaluate differences between
control and experimental groups. Differences were
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Figure 2 Ileocecal resection (ICR) increases
levels of survivin independently of nuclear
b-catenin. Real-time RT-PCR from control (ctl),
sham, and ICR mice for Lgr5, c-Myc, Cd44, Axin2
(A) and survivin (B). Results are normalized to
levels of glyceraldehyde 3-phosphate dehydro-
genase and shown relative to control. C: Repre-
sentative IHC sections from control, sham, and ICR
mice stained for survivin demonstrate increased
numbers of survivin-positive intestinal epithelial
cell (IEC) after ICR. D: Survivin-positive IECs are
represented as the mean number of survivin-
positive cells per crypt. E: IECs were isolated from
control, sham, and ICR small intestine and nuclear
protein fractions were extracted and subjected to
Western blot (WB). Representative WB and densi-
tometry for total b-catenin revealed no significant
changes in protein levels. Tata binding protein
(TBP) was used as a nuclear fraction loading
control. Data are shown as the means � SEM (A, B,
D, and E). nZ 4 (A, ctl and sham); nZ 5 (A, ICR);
n Z 3 (C, ctl and sham, and E, ctl, sham, and ICR);
n Z 6 (C, ICR). *P < 0.05 versus control. Scale
bars Z 50mm.
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A B C Figure 3 Ileocecal resection (ICR) decreases
cleaved caspase-3 protein. A: Representative Western
blot for cleaved caspase-3 (CC-3) in cytoplasmic
fractions from intestinal epithelial cell (IEC) of con-
trol (ctl), sham, and ICR mice. Data show reduced
levels of CC-3 in the ICR mice compared with control
or sham. B: Densitometry results were normalized to
b-actin and shown relative to control. C:Quantitation
of CC-3-positive cells in control, sham, and ICR
jejunum. Data are shown as the means� SEM (B and
C). n Z 3 (B, ctl, sham, and ICR, and C, ctl and
sham); n Z 6 (C, ICR). *P < 0.05 versus control.

Survivin Expression after Resection
considered statistically significant when P < 0.05. Data are
presented as the means � SEM.

Results

ICR Increases IEC Proliferation and SB Crypt Length

To examine IEC adaptation to ICR, intact control mice were
compared with mice that underwent bowel transection
without resection (sham) and with mice with ICR. IEC pro-
liferation was examined by staining tissue sections for BrdU
incorporation. Numbers of BrdU-positive crypt IEC increased
by 69% in ICR mice relative to control, and 41% relative to
sham mice (Figure 1, A and B). This result was supported by
real-time RT-PCR for the proliferation marker Ki-67
(Figure 1C). Crypt lengths increased 60% after ICR relative
to controls (Figure 1D). Thus, expansion of the proliferative
zone correlated with crypt elongation 5 days after ICR.

Survivin Is Up-Regulated 5 Days after ICR

Because b-catenin signaling is important for crypt stem/
progenitor cell proliferation, we examined levels of
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b-catenin target gene mRNA in isolated crypt IEC. RNA
was extracted from the distal jejunum and assessed by real-
time RT-PCR. Data show that ICR failed to significantly
alter mRNA levels of the Wnt target genes, Lgr5, c-Myc,
Cd44, or Axin2 (Figure 2A). However, survivin mRNA was
increased 1.75-fold after ICR (P < 0.05) (Figure 2B). IHC
staining of tissue sections confirmed that the number of
survivin-positive cells was significantly increased after ICR
relative to both control and sham mice (P < 0.05) (Figure 2,
C and D). To determine whether the increase in survivin
expression was because of an increase in nuclear b-catenin
protein or b-catenin transcriptional activation, IEC nuclear
fractions were examined for b-catenin protein levels.
Western blot data indicate that nuclear accumulation of
b-catenin was not increased 5 days after ICR (Figure 2E).
These data indicate that increased survivin after ICR does
not require augmented b-catenin signaling.
ICR Decreases Cleaved Caspase-3

Survivin is known to inhibit caspase-3 activation.16 To
examine if increased survivin had functional consequences,
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Figure 4 Ileocecal resection (ICR) decreases
Trp53 nuclear accumulation and activity. Western
blot (WB) analysis and densitometry of intestinal
epithelial cell (IEC) nuclear fractions from control
(ctl), sham, and ICR mice for total Trp53 (A), p-
Trp53S9 (B), and acetyl-Trp53K370 (C). TATA bind-
ing protein (TBP) was used as a loading control
(as in Figure 2E). D: Real-time RT-PCR for the
Trp53 targets Dr5 and puma indicate decreased
Trp53 activity in ICR compared with control or
sham mice. E: WB analysis of IEC cytosolic frac-
tions from control, sham, and ICR mice for
(Pik3r1) p85a. Data are shown as the
means � SEM (AeE). n Z 3 (AeC and E, ctl,
sham, and ICR; D, ctl and sham); n Z 6 (D, ICR).
*P < 0.05 versus control.
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Figure 5 Loss of Pik3r1 (p85a) reduces Trp53 and increases survivin expression. A: Representative Western blot (WB) and densitometry of jejunal cytosolic
fractions of intestinal epithelial cells (IECs) from wild-type (WT) or p85DIEC mice for Trp53. B: Representative WB and densitometry of jejunal nuclear fractions
of IEC from WT or p85DIEC for survivin. Data are shown as the means � SEM (A and B). n Z 4 (A and B, WT and p85DIEC). *P < 0.05 versus WT.
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we evaluated cleaved caspase-3 levels in IEC after ICR.
Western blots for cleaved caspase-3 (active) were performed
on IEC cytosolic lysates from control, sham, and ICR mice
(Figure 3, A and B). Analysis revealed a 52% decrease in
cleaved caspase-3 protein levels after ICR compared with
control animals. IHC staining for cleaved caspase-3 did not
show evidence of apoptosis in the SB crypts of control,
sham, or ICR mice. Rather, apoptotic cells were restricted to
villus tip IECs where no differences were detected among
groups tested (Figure 3C).

ICR Down-Regulates Trp53 Protein and Activity

Given that survivin levels were elevated after ICR without an
increase in b-catenin signaling, we examined survivin
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Figure 6 Pik3r1 (p85) regulates survivin expression after ileocecal resection
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regulation via transcriptional repression by Trp53.12 The level
of total nuclear Trp53 reduced by 77% after ICR (Figure 4A).
We analyzed Trp53 activation by measuring two forms of
post-translational modification: p-Trp53S9, which has been
shown to play a role in survivin repression; and acetyl-
Trp53K370, which affects apoptosis by affecting Trp53
transcriptional activity (Figure 4, B and C). Biochemical
analyses of nuclear protein fractions indicated that p-Trp53S9

and acetyl-Trp53K370 were significantly reduced after ICR
comparedwith control (80%and 90% reductions, respectively)
or sham-operated on mice (71% and 92% reductions, respec-
tively). Reduced levels of acetyl-Trp53K370 correlated well
with reductions in mRNA levels of the Trp53 target genes,
Dr5 and puma (Figure 4D). Together, these data support the
interpretation that reductions in active Trp53 (specifically
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Figure 7 Small-bowel resection (SBR) increases
survivin and proliferation in human infants. Repre-
sentative images of survivin and Ki-67 staining of
serial sections from control and resected infant (<1
year) human SB. A: Normal ileum [control (ctl)]. B:
Ileostomy take down with history of necrotizing
enterocolitis (SBR). C: Ostomy repair after sponta-
neous perforation (SBR). Arrowheads identify
survivin-positive cells (AeC). D: Quantification of
the percentage of survivin- or Ki-67epositive cells
in the crypt base (positions 1 to 5 in the hemicrypt),
middle crypt (transit amplifying zone, positions 6 to
15), and upper crypt (position �16) in control
(black bars) and post-resection (gray bars) ileum.
Boxed areas are shown in higher magnification on
the right (AeC). Data are shown as themeans� SEM
(D). nZ 3 (D, control); nZ 6 (D, post-resection).
*P< 0.05 versus control. Scale bars: 150 mm (A and
B); 100 mm (C). Original magnification: �3.8 (A,
boxed area), �5.2 (B, boxed area); �3.5 (C,
boxed area).

Survivin Expression after Resection
acetyl-Trp53K370) reduced repression on the survivin promoter
and increased survivin expression after ICR.

Data herein suggest that reduced Trp53 enhanced survi-
vin levels. Because acetyl-Trp53K370 is regulated by the
phosphoinositide 3-kinase subunit (Pik3r1) p85a in stress
response models,13 we examined p85a protein levels in IEC
after ICR. Western blot data showed that after ICR, IEC
cytosolic p85a levels decreased 77% compared with control
mice (Figure 4E). To interrogate the relationship of p85 to
Trp53 and survivin levels at baseline, protein samples from
isolated jejunal IEC in WT and epithelial p85a-deficient
(p85DIEC) mice were analyzed.6 Western blots revealed that
levels of total Trp53 decreased by 90% in p85DIEC IEC
compared with WT mice (Figure 5A). This correlated well
with a 4.2-fold increase in survivin protein levels in p85DIEC

IEC (Figure 5B).
To further clarify the contribution of p85a during ICR,

IEC responses were examined in p85DIEC mice.6 At base-
line, the number of survivin-positive cells in p85DIEC mice
is 13-fold higher (Figure 6A) and levels of survivin mRNA
are 2.9-fold higher than in WT (Figure 6B). Analysis of
survivin-stained cells after ICR suggested that p85DIEC mice
had a blunted response to ICR relative to WT (1.6-fold in-
crease versus fourfold increase, respectively). Interestingly,
The American Journal of Pathology - ajp.amjpathol.org
analysis of survivin mRNA levels suggested mRNA re-
sponses to ICR were comparable for p85DIEC and WT mice
(twofold increase versus 1.75-fold increase). These latter
data are consistent with the conclusion that alternative
pathways may be involved.

ICR increased BrdU incorporation in p85DIEC mice by
30% (compared with a 69% induction in WT) but did not
significantly alter numbers of apoptotic (cleaved caspase-3
positive) cells (Figure 6A). Compared with WT, jejunal
IEC from p85DIEC mice exhibited lower levels of the Trp53
target gene Dr5 at baseline (59%), and ICR failed to further
decrease Dr5 expression (Figure 6C). Thus, the findings of
this model support the paradigm that reduced p85a after
ICR contributes to lower Trp53 activity and increased sur-
vivin after ICR. Thus, regulation of survivin responses to
ICR appears to operate via both p85-dependent and p85-
independent mechanisms.

SBR Reduces TP53 and Increases Survivin Levels in the
Crypt TA Zones of Infant Patients

Given the effect of ICR on epithelial survivin in mice, we
next examined SB from infants after SBR. Ileal tissue from
control and post-resection infants was stained for survivin,
1843

http://ajp.amjpathol.org


A

B

C

TP53 Boxed area

C
tl

SB
R

SB
R

Cohran et al
Ki-67, and TP53. All patients were <1 year of age, with
SBR performed primarily for NEC or spontaneous perfo-
ration (Table 1). In sections from control patients,
survivin-positive cells predominated in proliferative TA
zones but were relatively sparse in crypt bases (Figure 7A).
Comparisons of SBR tissue revealed that resection
increased survivin-positive TA cells by 57% (P < 0.05)
(Figure 7D). Although survivin and Ki-67 were generally
not detected on villi, a subset of patients exhibited rela-
tively high levels of both markers near the surface
(Figure 7B). In addition, mitotic cells within areas of active
crypt remodeling, characterized by crypt fissioning and
architectural distortion, stained positively for survivin
(Figure 7C). Although impressive changes occurred in the
TA zone of resected infants, the effects of survivin
extended to crypt bases and the upper crypt as well.
Resection induced survivin fivefold and threefold in crypt
bases and upper crypts, respectively (Figure 7D). Analo-
gous effects were seen for Ki-67 (Figure 7D). In contrast,
SBR decreased numbers of TP53-positive IEC in the base
and TA zones (Figure 8). Together, these findings suggest
that intestinal resection reduces TP53, which subsequently
increases survivin and IEC proliferation. These data are in
good agreement with conclusions in our own murine
model that places regulation of survivin as a key step in
intestinal adaptation to resection.
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Figure 8 Small-bowel resection (SBR) decreases TP53 in human infants.
Representative images of TP53 staining from control and resected infant (<1
year) human SB. A: Normal ileum [control (ctl)]. B: Ileostomy take down with
history of necrotizing enterocolitis (SBR). C: Ostomy repair after spontaneous
perforation (SBR). Arrowheads identify TP53-positive intestinal epithelial
cell (IEC) (AeC). Boxed areas are shown in higher magnification on the right
(AeC). D: Quantification of the percentage of TP53-positive cells in the crypt
base (positions 1 to 5 in the hemicrypt), middle crypt (transit amplifying
zone, positions 6 to 15), and upper crypt (position �16) in control (black
bars) and post-resection (gray bars) ileum. Data are shown as the
means � SEM (D). nZ 3 (D, control); nZ 6 (D, post-resection). *P < 0.05
versus control. Scale barZ 100 mm (AeC). Original magnification: �9.2 (A,
boxed area); �5.0 (B, boxed area); �4.0 (C, boxed area).
Discussion

The findings of this study identify survivin regulation in
proliferative TA zones as a key factor in increasing SB
surface area after ICR, via expansion of the crypt/villus axes.
This is consistent with the reported roles of survivin in both
increasing cell cycle progression and decreasing apoptosis.
Studies with Teduglutide, synthetic glucagon-like peptide 2,
indicate that increased crypt elongation and villus height
correlate with improved clinical outcomes (reduced paren-
teral fluid requirements).17 The expansion of absorptive
surface likely occurs because of several mechanisms. Data
from Dekaney et al7 indicate that fissioning-mediated
expansion of the crypt units is likely related to intestinal
stem cell activation. In addition, TA zone expansion relies on
increased proliferation and reduced apoptosis. In mouse
studies, we found that immediately after ICR, reduced Trp53
acetylation released repression of survivin transcription. The
increase in survivin correlated well with reduced caspase-3
activation. Although histological evidence of apoptosis
after ICR was not detected, reduced protein levels of cleaved
caspase-3 would facilitate expansion of proliferating pro-
genitor cells, resulting in adaptive expansion of the SB
surface area. We propose that increasing survivin levels is a
desirable end point of agents such as glucagon-like peptide
2, which endeavor to promote enteral autonomy.

Multiple cancers, including breast, gastric, colorectal,
prostate, and thyroid, have demonstrated an increase in
1844 ajp.amjpathol.org - The American Journal of Pathology
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survivin.9 In colorectal cancer and breast cancer, survivin
expression has been shown to be an indicator of poor
outcome and suboptimal response to therapy. In addition,
enhanced survivin in the lamina propria of Crohn’s disease
tissue was linked to increased survival of mucosal
T lymphocytes.18 Interestingly, de Souza et al18 reported
that epithelial survivin is reduced in inflammatory bowel
disease compared with normal. These findings are consis-
tent with previous results from our laboratory showing that
IEC TP53 levels and apoptosis increase in inflammatory
bowel disease.19 Thus, the mechanisms observed herein
may operate to reduce IEC apoptosis after ICR and
increase IEC apoptosis in inflammatory bowel disease.
Published data also suggest that survivin may regulate
proliferation directly, through regulation of cell cycle at
the G2/M phase.9,20 To our knowledge, the studies
herein represent the first interrogation of the role of sur-
vivin in the expansion of crypt IEC during nonmalignant
responses.

Comparisons among different murine models used to
model human SBR suggest that differences in IEC
apoptosis may relate to the amount of bowel resected.
Regulating apoptosis may be an important means for
enhancing the adaptive response in clinical settings, such
as short bowel syndrome. Previous publications report that
IEC cleaved caspase-3 activation increases in mice after
massive (>50%) SBR.21 In data presented in the current
model (approximately 30% resection), we found reduced
levels of activated caspase-3 (Figure 3). An explanation for
these differences may relate to the relative changes in
survivin in these two systems. We found IEC survivin
increased after 30% ICR (Figure 2), yet we failed to detect
significant changes in survivin mRNA levels in the
jejunum or ileum of WT mice after 50% resection (data not
shown). Differences in the length of resected SB may also
explain why we failed to detect changes in intestinal stem
cell activation (Figure 2E), as reported by others after more
extensive resection. These data suggest that multiple
signaling pathways and regulatory mechanisms related to
the degree of bowel resected may be involved in adaptive
responses to SBR.

Our goal was to interrogate mechanisms of intestinal
adaptation relevant to human infants. Data generated from
surgical records of our SBR patients indicated that the
length of resection ranged from 2 to 10 cm (Table 1).
Given that the median SB length in newborns is 200 to
300 cm,22 these resections reflect a relatively small per-
centage of the total SB. Therefore, the human data shown
herein may be more reflective of mechanisms operating in
murine models of 30% ICR compared with 50% ICR.
Thus, we propose that data in the murine ICR model
shown herein bear clinical relevance to conditions
encountered by clinicians caring for this critically ill group
of patients.

After surgical resection of SB, patients must respond to
the challenge of being left with suboptimal intestinal surface
The American Journal of Pathology - ajp.amjpathol.org
area. The current study interrogates this adaptive response
and found significant increases in survivin levels in IECs
from ICR mice in a mechanism distinct from b-catenin
signaling. Because survivin activity is repressed by Trp53,
reductions in Trp53 and p85a protein levels in IEC are one
mechanism by which survivin mRNA expression and pro-
tein levels are enhanced by ICR. These findings led us to
conclude that ICR-induced reductions in p85a and active
TP53 lead to increased survivin activity and enhanced crypt
IEC survival and expansion.
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