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In this Extra View, we extend our
recent work on the protein LIN-28
and its role in adult stem cell divisions.
LIN-28 is an mRNA- and microRNA-
binding protein that is conserved from
worms to humans. When expressed
ectopically, it promotes the reprogram-
ming of differentiated vertebrate cells
into pluripotent stem cells as well as the
regeneration of vertebrate tissues after
injury. However, its endogenous func-
tion in stem cell populations is less clear.
We recently reported that LIN-28 is spe-
cifically expressed in progenitor cells in
the adult Drosophila intestine and
enhances insulin signaling within this
population. Loss of /in-28 alters the divi-
sion patterns of these progenitor cells,
limiting the growth of the intestinal epi-
thelium that is ordinarily caused by feed-
ing. Thus, LIN-28 is part of an
uncharacterized circuit used to remodel a
tissue in response to environmental cues
like nutrition. Here, we extend this anal-
ysis by reporting that the levels of LIN-
28 in progenitor cells are sensitive to
nutrient availability. In addition, we
speculate about the role of LIN-28 in the
translational control of target mRNAs
such as Insulin Receptor (InR) and how
such translational control may be an
important mechanism that underlies the
stem cell dynamics needed for tissue
homeostasis and growth.

Main Text

The plasticity of adult tissues, their
growth, remodeling and regeneration, is
fueled by the behavior of adult stem cells.
To generate the supply of cells needed for
tissue growth, for example, stem cells can
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increase their division rates and alter their
division patterns. After a symmetric
renewal division, both daughter cells
retain stem cell fate whereas only one cell
does after an asymmetric renewal division.
The net balance between symmetric and
asymmetric divisions in a population of
stem cells drives the behavior of cycling
tissues: more symmetric division expands
the stem cell population, leading to tissue
growth, while more asymmetric division
maintains the stem cell population, lead-
ing to tissue homeostasis.'> The cellular
factors that allow stem cells to switch
between
renewal are critical for tissue growth dur-

symmetric and asymmetric

ing development and after injury, but are
almost completely unknown.”®

The fly intestine is an excellent model
to study how nutrients are translated into
systemic signals that then impact the stem
cell dynamics underlying the remodeling
and regeneration of particular tissues.”® It
bears functional homology to the mam-
malian intestine and contains a population
of ISCs whose number shrink and expand
in response to food consumption.%11
Young adults eclose with a founding pop-
ulation of ISCs; this population expands
after feeding, enabling the growth of the
intestine needed for enhanced nutrient
absorption. After a few days of growth,
the intestine reaches homeostasis and con-
tains a steady population of ISCs, but this
population will shrink if food is with-
drawn.”'® These ISC population dynam-
ics are due to the divisions patterns of
individual ISCs, which can symmetrically
renew to generate 2 ISCs, asymmetrically
renew to generate one ISC and one tran-
sient progenitor cell known as an entero-
blast (EB), or symmetrically divide to
generate 2 EBs.'®!? EB daughters will
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then directly differentiate into either the
absorptive enterocytes (EC) or hormone-
producing enteroendocrine cells (EE) that
populate the intestine.'>'¥ How the initial
asymmetry between an ISC and EB is trig-
gered is unclear but may involve segrega-
tion of aPKC." Then, Delta-Notch
signaling between the 2 cells ensures that
they will adopt divergent fates.'>'*!®
Feeding during early adulthood triggers
elevated insulin peptide Ilp-3, which is
released from the visceral muscle sur-
rounding the midgut,'’ suggesting that
ISCs drive tissue growth by sensing nuri-
tional cues and dividing symmetrically
instead of asymmetrically. However, the
responsible mechanism and whether it
also underlies injury induced regeneration
and/or tissue homeostasis are major open
questions.

As entry point into these questions, we
reported that the LIN-28 RNA-binding is
an ISC/EB-specific modulator of insulin
signaling that promotes ISC symmetric
renewal and consequently expansion of
the ISC population.'” Analyzing a null
lin-28 mutant strain, we found that /in-
28" mutants eclosed with a normal num-
ber of ISCs but that this number did not
increase even after feeding and remained
constant through the first 3 weeks of
adulthood. To specifically assess ISC
dynamics in response to food consump-
tion, we compared ISC numbers in ani-
mals that had been starved or fed for
3 hours; in control animals, feeding led to
a rapid increase in ISC division rate and
symmetric renewal and a consequent dou-
bling of ISC number. In contrast, these
food-triggered changes in ISC behavior
were absent in /7-28“" mutants. These
results indicated that LIN-28 was not
required for stem cell identity per se;
instead, LIN-28 poises ISCs to divide
symmetrically in response to nutrient
availability.

LIN-28 expression is nutrient
sensitive

These observations suggested that LIN-
28 activity is sensitive to nutrients and
might be dampened once the intestine
reaches homeostasis after a few days of
feeding. To investigate this possibility, we
evaluated LIN-28 expression levels and
subcellular  distribution in 5-day old
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starved and fed animals using a previously
described /in-28 rescuing transgene that
encodes a functional version of LIN-28
tagged with Venus.!” While the general
distribution of LIN-28::Venus throughout
the cytoplasm of progenitor cells appeared
similar under these conditions, the levels
of LIN-28::Venus appeared elevated in
starved intestines (Fig. 1A). To quantify
this difference, we first measured the aver-
age area of intestinal progenitors and
found that those in fed animals were larger
(41.53 £ 13.77 wm?; n = 40) than those
in starved animals (30.06 =+ 8.86 ;Lmz i n
= 40)(Fig. 1C). We then quantified LIN-
28::Venus signal intensity and normalized
it to cell area to calculate the corrected
total cell fluorescence (CTCF) of LIN-
28::Venus. The CTCF of LIN-28::Venus
in intestinal progenitors under starved
conditions was 3657.9 £ 987.7 gray pm’
(n=20), significantly higher than the
CTCF of 1935 + 844.5 gray pm” under
fed conditions (n = 20) (Fig. 1D). These
results indicated that LIN-28 levels were
elevated in progenitor cells in tissue poised
for growth relative to tissue at
homeostasis.

To confirm these results, we also ana-
lyzed the level and subcellular distribution
of native LIN-28 in fed and starved intes-
tines using anti-LIN-28 antisera (Fig. 1B).
We found that native LIN-28 protein
behaved similarly to LIN-28:VENUS,
exhibiting a higher CTCF in nutrient-
deprived progenitor cells (2543 £ 527.5
gray pm” ; n = 10) compared to nutrient-
supplied progenitor cells (971 + 489.9
gray pum? n = 10) (Figs. 1B, E). In addi-
tion, we noted that nutrient-deprivation
altered the subcellular distribution of
LIN-28. LIN-28 was detected in cyto-
plasmic puncta, and these puncta
appeared substantially larger in progeni-
tors from the intestines of starved animals
relative to fed animals (Fig. 1B). We sus-
pect the same is true for LIN-28::Venus
but that the higher level of LIN-28::Venus
signal relative to LIN-28 signal made this
difference more difficult to detect.

To extend these observations, we also
analyzed the nutrient dependent expres-
sion and subcellular distribution of var-
iants of LIN-28::Venus with defective
RNA-binding activity. LIN-28 encodes 2
RNA binding domains, a N-terminal cold
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shock domain (CSD) and a C-terminal
CysCysHisCys-type zinc finger domain
(CCHC). We had previously generated
UAS-LIN-28 transgenic stocks that con-
tained point mutation designed to disrupt
the activity of these domains, and found
that CSD activity was required for an
increase in progenitor cell number but
that CCHC activity was not.'” To investi-
gate the requirements of these domains in
nutrient dependent LIN-28 expression
and distribution, we prepared transgenes
containing the same mutations in LIN-
28::Venus and crossed these into a /lin-
28" mutant background. Then, we ana-
lyzed LIN-28::Venus expression in the
intestines of these strains under fed and
starved conditions. We found LIN-28:
Venus variants that contained mutations
in either the CSD domain or the CCHC
domain or both domains displayed ele-
vated levels in progenitor cells under star-
vation conditions, similar to a wildtype
version of the protein (Fig. 2). In addi-
tion, we noted that the CCHC mutations
and, to a lesser extent, the CSD domain
mutations altered the subcellular distribu-
tion of LIN-28 under both nutrient-
deprived and -supplied conditions. Wild-
type LIN-28 is not ordinarily detected in
the nucleus of progenitor cells, but the
mutant versions were detected in cell
nuclei (Figs. 2B-D). This nuclear accu-
mulation was particularly apparent under
starved conditions, since LIN-28::Venus
levels were elevated (Figs. 2C°, D’ insets).
These results indicated that the nutrient-
dependent change in LIN-28::Venus lev-
els was not due to the RNA-binding activ-
ity of LIN-28 that might, for example,
stabilize the protein, but pointed instead
to transcriptional or some other form of
post-translational control. Future work
will be focused on molecularly characteriz-
ing this nutrient-dependent pathway.

The role of LIN-28 in translational
control

In our previous work, we also investi-
gated the molecular mechanism by
which LIN-28 promoted stem cell expan-
sion. In this context, we unexpectedly
found that LIN-28 functioned indepen-
dently of its established microRNA target,
let-7."®'? Extensive analysis of our own

published®*?* and unpublished /ler-7
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Figure 1. Lin-28 levels and subcellular distribution are nutrient sensitive. (A) LIN-28:Venus
expression in the intestinal progenitor cells of fed (left) and starved (right) animals. Insets are mag-
nified views. LIN-28::Venus was detected with anti-GFP antibodies. (B) LIN-28 expression in the
intestinal progenitor cells of fed (left) and starved (right) animals. LIN-28::Venus was detected with
anti-LIN-28 antibodies. (C) Scatter dot plot showing the area of Lin-28::Venus expressing progenitor
cells in fed vs. starved animals. Mean and standard deviation (SD) are shown. (D) Scatter dot plot of
the Corrected Total Cell Fluorescence (CTCF) of Lin-28:Venus expressing cells in fed vs. starved ani-
mals. Mean and SD are shown. (E) Scatter dot plot of the CTCF readings from Lin-28 expressing cells
in fed vs. starved animals. Mean and SD are shown.

reagents indicates that /ler-7 was not
involved: we found no evidence for ler-7
expression, mutant phenotypes, or genetic
interaction with /77-28 in the adult intesti-
nal epithelium. Because LIN-28 is known
to physically interact with and regulate the

expression of mRNAs, we deep sequenced
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RNAs from immunopurified LIN-28 iso-
lated from embryos. Because loss of /in-28
was associated with reduced insulin signal-
ing, we searched the top mRNAs for
known components of the insulin-signal-
ing pathway. The only mRNA identified
was Insulin Receptor (InR), and its physical
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interaction with LIN-28 was confirmed
by qRT-PCR analysis of LIN-28 IPs from
both embryos and adults.'”

We found 2 pieces of evidence that /nR
is a target of LIN-28. First, overexpression
of LIN-28 in progenitor cells resulted in
elevated InR levels, indicating that LIN-
28 promotes InR expression. Secondly,
driving /nR expression completely rescued
the stem cell defects displayed by /in-282"
mutant ISC lineages, including the sym-
metric renewal and amplification of ISCs.
Importantly, this rescuing activity was rel-
atively specific, since forcing expression of
components of other signaling pathways,
including the Yorkie, Epidermal Growth
Factor and Wingless pathways, failed to
rescue. This key finding indicated that
reduced InR is responsible for /in-28"'
mutant stem cell phenotypes and sug-
gested that a major function of the LIN-
28 is to promote [nR translation. /nR
mRNA is unusual since, unlike most
mRNAs, its translation #ncreases during
serum deprivation of Drosophila tissue cul-
ture cells, likely due to a verified, con-
served internal ribosome entry site (IRES)
located in the /nR 5'UTR whose activity
is stimulated by 4E-BP.>>** The in vivo
function of this IRES, or even its specific
location in the /zR 5'UTR, has not been
characterized but our data suggests the
possibility that LIN-28 stimulates expres-
sion of InR IRES-containing mRNAs.
Despite a surge of recent genome-wide
analyses from multiple systems indicating
a larger than anticipated diversity in the
recruitment of cellular mRNAs to ribo-
somes,”®*” how cellular IRESs work
remains enigmatic and controversial.**>°
Two possible ways that trans-acting fac-
tors might promote internal ribosome
entry under stress conditions include
unwinding of highly structured 5'UTRs
or alleviating translational repression at
short upstream ORFs (uORFs).>132
Thus, our finding that ISC symmetric
renewal likely relies on the post-transla-
tional control of InR has identified a con-
text in  which the elements and
mechanisms required for this control can
be rigorously assessed.

Concluding remarks and perspectives

Based on the analyses described above,
our current view is that LIN-28 is an
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Figure 2. Nutrient-dependent increase in Lin-28:Venus does not require RNA-binding Activity. (A-D) Lin-28:Venus, Lin-28:Venus“™, Lin-28:
Venus“H<, and Lin-28:Venus“*®" ““H expression in intestinal progenitor cells from fed (A-D) and starved (A’-D’) animals, respectively. Insets in C’ and D’
are magnified views of a starved intestinal progenitor cell stained for Lin-28:Venus (left) and DAPI (right).

essential component of an intestinal pro-
genitor-specific  ribonucleoprotein  (RNP)
complex that modulates stem cell division
type to adjust tissue growth to dietary con-
ditions. This RNP complex protects a set
of key mRNAs, including /7R, from the
widespread  translational repression that
occurs in response to nutrient depriva-
tion,” possibly by promoting or licensing
their translation via IRESs. Recent analysis
of larval tssue found no evidence of
enhancement of InR translation in total lar-
val extract,”® so such translational enhance-
ment may only occur in stages and cells
where the developmentally-regulated LIN-
28 protein is known to be highly expressed,
like embryos and ISCs.'”*> Translation of
InR then poises ISCs to divide symmetri-
cally in response to insulin released upon
food consumption. After feeding and the
ensuing tissue growth, LIN-28 protein lev-
els are downregulated leading to dampened
InR translation and a switch to homeostatic
ISC division patterns. Importanty, elimi-
nation of the RNP complex leads to con-
stant basal levels of stem cell InR that are
not responsive to dietary conditions. In this
view, the RNP regulates the expression of a
stem cell survival factor that is expressed in
restricting amounts: basal levels of InR
limit stem cell numbers, which LIN-28 can
expand by boosting InR translation.
Whether this regulation extends to all
ISCs along the entire stretch of the Dro-
sophila intestine remains to be determined.
We speculate the existence of at least 2 clas-

ses of ISCs: a founding population of ISCs
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and a secondary actively cycling population
of ISCs derived from the former, analogous
to the often quiescent +4 cells that give
rise of the proliferative and multipotent
Lgr5(+) intestinal
crypt.”® Could the founding population be
the stem cells present at the time of eclo-

cells of vertebrate

sion? Our extended data presented here
arguably represent the early growth phases
of intestinal epithelia, and therefore reflec-
tive of the translational control in the
founding population of progenitor cells.
Distinguishing these 2 populations of ISCs,
however, remains a challenge.

Methods

Strain construction

Mutant versions of the LIN-28::Venus
rescuing transgene were generated using
the Muld Lightning Site Directed Muta-
genesis Kit (Agilent). The CSD mutant
contains W45A, F54A, and V65A point
mutations while the CCHC mutant con-
tains H136A and H158 point mutations.
These mutations were modeled on those
reported by Balzer and Moss.”” Resulting
transgenes were integrated into the attP2
landing site and recombined onto /in-
28*" mutant chromosomes by standard
methods.

Fly husbandry

Flies for nutrient-dependent analyses
were collected within one day of eclosion
and separated into 2 groups. One set (fed)

Fly

were reared on standard media supple-
mented with yeast paste (1 part yeast: 2
parts water) for 4 d while the second set
(starved) were reared in empty glass vials
containing Kimwipe paper soaked in a
1% sucrose solution.

Immunostaining and antibodies

Intestines from fed and starved adult
flies were dissected in 1X PBS and proc-
essed in the same vial. Antibody staining
was performed as previously described.'”
The following antibodies were used: rab-
bit ant-GFP (1: 4000, (Invitrogen
A11122), and rat anti-Lin-28 (1:200).

Image collection, processing,
measurement and statistical analyses

Confocal images of intestinal epithe-
lium were collected using Leica SP5 under
identical conditions. Simultaneous level
processing of resulting micrographs was
done using Adobe Illustrator and Adobe
Photoshop CS6. FIJI was used to obtain
greyscale LUT, measure cell area and inte-
grated density value (Area of selected cell
X Mean Gray Value). The following cal-
culation was carried out to obtain the
background Corrected Total Cell Fluores-
cence = Integrated Density - (Area of
Selected cell x Mean fluorescence of back-
ground reading) as described in reference
38.”® Graphpad PrismG was used to per-
form unpaired parametric 2-tailed t-test
with Welch’s correction, for area and fluo-
rescence readings, comparing between fed
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and starved animals. **** denotes p <
0.0001.
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