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HMGA2 and protein leucine methylation
drive pancreatic cancer lineage plasticity
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Basal pancreatic ductal adenocarcinoma (PDAC) has the worst overall survival
and is the only subtype that serves as an independent poor prognostic factor.
We identify elevated levels of LIN28B and its downstream target, HMGA?2, in
basal PDAC. Notably, LIN28B significantly accelerates KRAS-driven PDAC
progression in a mouse model. Here, we show that HMGA2 promotes basal
PDAC pathogenesis by enhancing mRNA translation downstream of LIN28B.
Mechanistically, HMGA2 suppresses leucine carboxyl methyltransferase 1
(LCMT1) at the chromatin level, reducing PP2A methylation and activity. This
leads to increased phosphorylation of S6K and elF4B, boosting mRNA trans-
lation. Additionally, HMGA2 downregulates B56a (PPP2R5A), disrupting
functional PP2A holoenzyme assembly and further sustaining phosphorylated
S6K levels. Impaired PP2A function mimics HMGAZ2’s effects, reinforcing
increased mRNA translation and basal lineage features. This work uncovers a
critical link between the LIN28B/HMGA2 axis, protein synthesis, and PDAC
lineage specificity via LCMTI-mediated PP2A methylation and B56a-PP2A
disruption.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal preferred first-line treatment for patients with metastatic PDAC?,
human malignancies, responsible for 466,003 deaths worldwide in  which continues to carry a prognosis of less than one year. Most PDAC
2020. It is projected to become the second leading cause of cancer tumors host a similar suite of genetic mutations, including KRAS, TP53,
deaths in the United States by 2030'. Combination chemotherapy with  CDKN2A, and SMAD4. These mutations are acquired sequentially
FOLFIRINOX (FFOX) or nab-paclitaxel plus gemcitabine (GnP) is the through precursor lesions called pancreatic intraepithelial neoplasias
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(PanINs), which were recently demonstrated to be both multifocal and
widespread in normal pancreas’®. Genetically engineered mouse mod-
els (GEMMs) have faithfully recapitulated this sequence of genetic
aberrations but still do not model specific pathologic or molecular
subtypes of PDAC. We know that pancreatic cancer is phenotypically
complex, given that patients exhibit very heterogeneous responses to
chemotherapy. To understand these differences, researchers have
characterized the transcriptional profiles of PDACs. This work led to
the discovery that there are two distinct subtypes of pancreatic cancer:
classical and basal. Basal PDAC is more aggressive and has poorer
overall survival*. Understanding what defines each subtype, their sus-
ceptibilities, and mechanisms of resistance will help to identify new
targeted therapies and lead to more treatment options for this
devastating disease.

LIN28A and B are highly conserved RNA-binding proteins that are
strongly expressed in embryonic stem cells, lose expression with
differentiation®, and can substitute for MYC in the Yamanaka factors,
thus demonstrating their important role in establishing a pluripotent
state®”. Both LIN28 isoforms have been well characterized as degraders
of microRNAs (miRNAs), specifically the let-7 family®2. While LIN28A is
predominately cytoplasmic and requires TUTase activity to block
Dicer processing of let-7 miRNAs, LIN28B is found in the nucleus and its
role in regulating let-7 degradation is TUT-independent®. By suppres-
sing maturation of let-7 miRNAs, high expression of LIN28A or LIN28B
leads to de-repression of let-7 targets. These targets allow for de-
differentiation of adult cells, thus the LIN28/let-7 axis is crucial in
regulating cell growth, homeostasis, and replicative potential>'>**'°, In
embryonic tissues, LIN28 levels are high and let-7 is suppressed,
allowing for increased metabolism, proliferation, and growth. In nor-
mal adult tissues, LIN28 is silenced and thus let-7 is high*'>"*, but a
variety of cancers have been shown to reactivate LIN28A or LIN28B” 2,
Prior studies have demonstrated that upregulation of either LIN28
isoform is typically exclusive of the other isoform and that the isoform
expressed correlates with cancer subtype”. We have previously found
that LIN28B is highly expressed in a subset of human PDAC?. LIN28B
expression is correlated with advanced disease and poor prognosis
across cancer types’®*?*. The most well-characterized downstream
targets of LIN28B are insulin growth factor 2 binding proteins
(IGF2BPs, also known as IMPs) and high-mobility group (HMG) protein
AT-hook 2 (HMGA2)"*%_ High expression of IMP1, IMP3, and HMGA2
is associated with increased aggressiveness and metastasis in
PDAC?**?, Importantly, LIN28B was found to be highly expressed in
circulating tumor cells from PDAC patients, and expression was
prognostic for a worse overall survival®.

Here, we define how LIN28B and its downstream target, HMGA2,
drive the basal subtype of PDAC. We show that the expression of the
LIN28B/HMGA2 axis promotes a more aggressive disease phenotype
in vitro and in vivo. Furthermore, we demonstrate that HMGA2
orchestrates the pathogenesis of basal PDAC by reducing leucine
methylation of PP2A, thereby inhibiting its activity on a critical node of
the mRNA translation machinery. This finding reveals a vulnerability of
basal PDAC to protein synthesis inhibition, representing a promising
subtype-specific therapeutic target.

Results

LIN28B accelerates for tumor initiation and progression in vitro
and in vivo

To study the role of LIN28B in PDAC initiation and maintenance,
we generated a GEMM incorporating a conditional, doxycycline
(dox)-inducible, human FLAG-LIN28B® into the background of
KrasLSL-G12D;p48Cre  (KC) mice to generate KrasLSL-
GI2D;LIN28BLSL-Dox;p48Cre (K28C) animals. K28C mice treated
for 15 days with 200 pyg/ml doxycycline showed sporadic expres-
sion of FLAG-LIN28B in the exocrine pancreas (Supplementary
Fig. 1a). After 15 weeks of doxycycline treatment, FLAG-LIN28B

was highly expressed in ductal cells in K28C pancreata (Supple-
mentary Fig. 1b). Remarkably, in the context of mutant KRAS
expression in the pancreas, activation of LIN28B significantly
accelerated the progression of lethal pancreatic tumors. K28C
animals exhibited a median survival of 45 weeks, substantially
shorter than dox-treated KC animals, which had a median survival
of 88 weeks (Fig. 1a). Given that our model does not genetically
perturb p53, unlike the most common GEMMs of PDAC***, we
explored levels of p53 in tumors between K28C, KC, KP*/"C, and
KP7"C animals. At disease endpoint, both K28C and KC tumors
exhibited nuclear expression of p53 at similar levels to KP*/°C
tumors, suggesting that our tumor model requires impaired p53
function but not complete loss (Supplementary Fig. 1c-d). LIN28B
expression alone did not result in tumor formation after two
years (Fig. 1a). To confirm earlier onset of PDAC in K28C mice, we
harvested cohorts of KC and K28C animals at 5-, 10-, and 15-weeks
after beginning dox treatment (Supplementary Fig. le). At the
5 week time point, high-grade PanINs and PDAC were increased in
K28C animals compared to KC animals (Fig. 1b). At 30 weeks,
K28C primary tumors displayed the invasive gland formation and
associated desmoplastic stromal response typical of pancreatic
cancer (Fig. 1c). Metastases to lung and liver were observed in
both K28C and KC models at endpoint (median 45 weeks in K28C
and 88 weeks in KC, Fig. 1c). Importantly, these results demon-
strate that LIN28B accelerates both the formation and metastatic
spread of KrasG12D-driven PDAC. Even though LIN28B expression
alone did not lead to tumor formation in vivo, we found a dra-
matic increase in the ability of pancreatic ductal cells isolated
from the pancreata of 28C mice to form organoids compared with
Cre alone (C), suggesting expression of LIN28B could increase
tumor initiating capacity (Supplementary Fig. 1f-g). Notably, 28C
organoids isolated from normal pancreas expressed higher levels
of p53 compared to organoids isolated from tumors (K28C, KC
and KP*/"C, Supplementary Fig. 1h). LIN28B-expressing pancreata
from 28C mice showed no histological abnormalities compared to
mice expressing only Cre (Supplemental Fig. 1e). Thus, LIN28B is
not sufficient alone but can cooperate with oncogenic KRAS to
accelerate PDAC and is necessary for tumor progression.

Our data support the concept that LIN28B expression cooperates
with oncogenic KRAS to accelerate PDAC in vivo. Building upon this
observation, we were motivated to determine if LIN28B played a role in
tumor maintenance as well as tumor initiation. We removed dox water
from a cohort of mice following 5 weeks initial dox exposure, leading
to loss of LIN28B expression. At 5 weeks, high-grade PanINs and PDAC
are present in K28C mice (Fig. 1b, Supplementary Fig. 1e). Our results
showed that early withdrawal of LIN28B substantially increased the
survival of K28C mice, prolonging median survival to similar time-
points as seen in KC mice (Fig. 1e). In addition to improving survival,
dox withdrawal in K28C mice led to less aggressive disease, with most
mice requiring euthanasia due to pancreatic cyst formation and dis-
playing a foamy gland phenotype upon histological examination, in
contrast to mice with continual dox exposure (Fig. 1e-f). This pheno-
type resembles a rare variant of PDAC in humans that can be mis-
diagnosed as a benign lesion and is notable for foamy-appearing
cytoplasm and basally compressed nuclei***. Thus, we conclude that
continuous expression of LIN28B is necessary for the aggressive dis-
ease phenotype we observe in our K28C mouse model, and that
LIN28B expression contributes not only to tumor initiation but also
continued accelerated growth and metastasis when combined with
oncogenic KRAS.

HMGA2 regulates tumor growth in vitro and in vivo downstream
of LIN28B

To determine what downstream target of LIN28B mediates PDAC
growth and survival in vivo, we turned to the well-characterized
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Fig. 1| LIN28B accelerates tumor initiation and progression in vitro and in vivo.
aPDAC-free survival analysis of GEMMs. KP”~C model (KrasGI12D, p53 + /-, p48-Cre)
provided for comparison. All mice except the KP*"C model were continuously
treated with doxycycline. K28C: KrasLSL-G12D, LIN28BLSL-Dox, p48Cre; KC:
KrasLSL-GI12D, p48Cre; 28 C: LIN28BLSL-Dox, p48Cre; C: p48Cre. N(K28C) =18
mice, n(KC) =20 mice, n(28C) =15 mice, n(C) =12 mice and n(KP*/"C) = 21 mice;
asterisks, P values after log-rank test. ***P < 0.0001 K28C vs KC. b Percentage of
invasive/high-grade PanIN and PDAC, low grade PanIN, and normal ducts in 5-week-
old K28C and KC mice. Box plots represent median, interquartile range, and 5-95th
percentile of n=>5 mice. Asterisks, P values after unpaired, two-tailed ¢ test.
*P=0.0102 K28C vs KC, invasive/high-grade; *P=0.038 K28C vs KC, normal; ns,

28C

PDAC-free survival (%)
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non-significant. ¢ Representative H&E stains of PDAC in 30-week-old K28C (entirely
PDAC), KC (PanIN and normal pancreas separated by dashed line), and 28C mice
(entirely normal pancreas). Scale bar =100 um. d Representative H&E stains of liver
and lung metastases in K28C mice. Dotted line indicates border of metastatic foci.
Scale bars =100 pm. e PDAC-free survival analysis of GEMMs withdrawn from
doxycycline (dox) after 5 weeks. GEMMs treated with doxycycline were added for
comparison and are the same as in Fig. 1a. M(K28C dox withdrawal) =13 mice;
asterisks, P values after log-rank test. ***P < 0.0001 K28C dox withdrawal vs K28C
dox; ns, non-significant. f Representative H&E staining of PDAC in K28C dox
withdrawal mice at endpoint. Arrow shows foamy cell phenotype. Scale bar,

100 um. Source data are provided as a Source Data file.

transcripts targeted by let-7. Let-7 miRNAs promote the degradation of
multiple transcripts involved in carcinogenesis'®™, and are inhibited
by LIN28B®, Gene set enrichment analysis (GSEA) comparing PDAC
tumors®*° and cell lines* with high versus low expression of LIN28B
revealed that LIN28B"&" tumors were strongly enriched for the
expression of let-7 targets, curated in two independent gene sets.
While we and others have demonstrated that LIN28B promotes cellular
transformation through the inhibition of let-7 tumor suppressive
microRNAs"?2, it remains unclear why LIN28B is required for the
continued growth of established cancer cells, particularly in the pre-
sence of activated KRAS.

We verified that withdrawal of dox from K28C murine tumor cells
led to rapid loss of LIN28B expression, a concomitant rise in let-7 levels,
and reduction of HMGA2, IMP1, and IMP3 (Fig. 2a-b). HMGA2 is a well-
established direct target of let-7, with eight binding sites in its 3' UTR,
and has itself been implicated as a potential oncogene when
upregulated*. In our LIN28B"€" human and murine basal PDAC cell
lines, knockdown of HMGA2 led to a dramatic reduction in cell growth,
mirroring the growth defects seen with LIN28B knockdown?
(Fig. 2c-d, Supplementary Fig. 2a-b). Moreover, overexpression of an
HMGA2 construct lacking a 3’ UTR rescued the growth defect after
LIN28B knockdown (Fig. 2e, Supplementary Fig. 2¢). These data sug-
gest that downstream of LIN28B, HMGA2 is necessary and sufficient for
oncogenic proliferation in PDAC.

LIN28B/HMGA2 expression is high in basal PDAC

HMGA?2 is an architectural transcription factor that interacts with
various other transcription factors (such as NF-kappaB p50, SMAD3)
and can enhance or repress gene transcription depending on the
context**¢, HMGA2 is also involved in regulating cell growth, differ-
entiation, and development, and its dysregulation has been linked to
cancer progression in multiple tissues*’. HMGA2 is recognized for its
interactions with critical signaling pathways, including the transform-
ing growth factor-beta (TGF-P) signaling pathway. Studies have shown
that HMGA2 can modulate TGF-3 signaling by acting as a downstream
target or interacting directly with components of the pathway. HMGA2
has been reported to enhance TGF-S-induced signaling, promoting
processes such as epithelial-mesenchymal transition (EMT), and
fibrosis***°, Previous studies have proposed that HMGA2 plays no role
in PDAC progression in KP*"C and KP7""C GEMMs*, but our data
suggest that HMGA?2 is necessary for a subset of cancer cells to sustain
oncogenic growth. To further elucidate the importance of the LIN28B/
HMGA?2 axis, we used western blotting to assess protein expression of
these two targets in various human PDAC cell lines and organoids.
Notably, we found that both LIN28B and HMGA2 expression were
significantly increased in the basal PDAC subtype (Fig. 3a-b, Supple-
mentary Fig. 3a). Furthermore, RNAseq of laser-capture micro-
dissected patient biopsies showed significantly higher levels of HMGA2
in the basal/quasi-mesenchymal/squamous subtype across multiple
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Fig. 2 | HMGAZ2 regulates tumor growth in vitro and in vivo downstream of
LIN28B. a-b, Expression of FLAG-LIN28B, HMGA2, IMPL, IMP3, and ACTIN by
Western Blot (WB) (a) and let-7a/d/f miRNAs by qRT-PCR (b) in K28C and KC murine
PDAC cell lines with and without doxycycline treatment for 7, 14, and 21 days. Data
are displayed as means of technical duplicates. c-d, Growth curves of murine (c) or
human basal (d) PDAC cell lines transfected with siRNA against HMGA2 or a non-
targeting control. Data are displayed as means * s.e.m (n =3 biologically indepen-
dent experiments); asterisks, P values after unpaired, two-tailed ¢ test.

*P=0.0453 siHmga2 vs siCtrl, K28C-1; *P = 0.0161 siHmga2 vs siCtrl, K28C-2;

days after transfection

days after transfection

P < 0.0001 siHMGA2 vs siCtrl, Panc3.27; **P= 0.0014 siHMGA?2 vs siCtrl, KP4;
**P=0.0048 siHMGA2 vs siCtrl, BxPC3; **P=0.0020 siHMGA?2 vs siCtrl, Panc-1.

e Growth curves of human basal PDAC cell lines engineered to overexpress HMGA2
or empty vector upon doxycycline treatment. Cells were transfected with siRNA
against LIN28B or a non-targeting control. Data are displayed as means + s.e.m (n=3
biologically independent experiments); asterisks, P values after unpaired, two-
tailed ¢ test. *P=0.0150 day 5 EMPTY+siCtrl vs EMPTY+siLIN28B, KP4;
**P=0.0041 day 5 EMPTY+siCtrl vs EMPTY+siLIN28B, Panc-1; ns, non-significant.
Source data are provided as a Source Data file.

subtyping algorithms and in both localized and metastatic tumors
compared to the classical subtype (Fig. 3c)**% These findings were
replicated using an independent dataset of 21 metastatic patient
biopsies, where HMGAZ2 expression was higher in the basal subtype and
overlapped with expression of KRTS, KRT7, KRT17, KRTS1, and TP63,
known markers of basal PDAC (Supplementary Fig. 3b)*%, Finally, a
human organoid induced to a more basal subtype through treatment
with TGF-f displayed increased HMGA2 expression (Supplemen-
tary Fig. 3c).

Next, we sought to determine if expression of HMGA2 in classical
PDAC cell lines was sufficient to convert cells to a basal subtype. We
engineered classical cell lines to overexpress a dox-inducible wild-type
(WT) HMGA2 construct, then titrated dox to achieve HMGA?2 levels to
those in basal PDAC (Supplementary Fig. 3d). Overexpression of WT
HMGA?2 in classical lines dramatically increased the expression of
several basal markers (KRT5, KRT17, KRT81) in vitro (Fig. 3d) and when
grown as an orthotopic xenograft (Fig. 3e-f). Given the clear associa-
tion of HMGA2 and the basal subtype in human disease, we were
curious whether our K28C model was more basal than KC littermates.
We performed immunohistochemistry (IHC) for basal (KRTS5) and
classical (GATA6) markers®* "2 in 5 and 30-week-old K28C and KC
mice and observed a substantial increase in basal markers only in K28C
tumors, which mirrored HMGA2 expression (Fig. 3g-i). Therefore, we
have established HMGA2 as a strong marker for the basal subtype in
both human and murine PDAC and have developed a disease-relevant
GEMM of basal PDAC. These data demonstrate that HMGA2 can con-
trol PDAC lineage, driving cells toward an aggressive basal subtype.

HMGA?2 drives proliferation through upregulation of S6K and
mRNA translation independent of mTOR in basal PDAC

Given the dramatic effect of HMGA2 knockdown on the growth of
HMGA2"e" PDAC, we hypothesized that HMGA2 regulates pro-growth
pathways. We knocked down HMGA?2 in three basal HMGA2"¢" human
cell lines and conducted a candidate gene analysis of major drivers of
growth. Interestingly, growth did not appear to be driven by ERK, AKT,
or mTOR but rather a downstream mTOR target, S6K (Fig. 4a, Sup-
plementary Fig. 4a-b). The mTOR pathway is critical for cancer
initiation, growth, and progression®®, where it regulates protein
synthesis through two downstream arms: the 4E-BP1-elF4E axis and the
S6K-rpS6 axis®*. With HMGA2 knockdown, mTOR phosphorylation was
unaltered, as was 4E-BP1, a negative regulator of translation initiation
(Supplementary Fig. 4a-b). However, we consistently observed
decreased S6K phosphorylation at T389, a critical activation site, and
decreased phosphorylation of downstream targets rpS6 and elF4B
(Fig. 4a). To confirm that HMGA2"e" cell lines rely on high levels of
pS6K, we knocked down S6KBI in human PDAC lines and observed
significant growth defects and cell death in basal but not classical
PDAC (Fig. 4b, Supplementary Fig. 4c). Additionally, ectopic expres-
sion of wildtype S6K (WT-S6K) or a constitutively active S6K (CA-S6K)
could rescue S6K signaling after HMGA2 knockdown in human basal
PDAC (Fig. 4c¢).

S6K has been shown to be a critical mediator of mRNA translation
by controlling translation initiation and elongation®. To determine if
these same steps are regulated by HMGA2, we performed polysome
profiling and observed a decrease in polysomes upon loss of HMGA2

Nature Communications | (2025)16:4866


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60129-1

a basal classical b e o EMPTY HMGA2 WT f
© 3 Clempty
~ o o™ H = .
c_-—a o2 @ basal {
@g ‘T"’»—Eggviémggwuﬁ classical :‘E Wl HMGA2 WT
2os0Pg8gTPcliz oz THTO - N OO MO0 cc
mmﬂ.mxmo:mwlngmwm JSONMANANANN®MO© O OPPTO X —
0LX¥0omo0n O ITOhMha o AN+ N+~ N+~ v~ v «— 3 g,
kDA 'ﬂ_i % ook
S N |Ln2ss & Pl
0713 010703 0 01050 0 0 0 0 0 0 0 0 nomLIN28B 16 04 0112 08 10 0 0 0 0 0 nomLIN28B (ED .
o~ , 2
|=——— - HMGA2 - - |Hmeaz 3| ey z
18- 08 06040213 0 0 2101 0102 0 0 0 0 0 0 norm HMGA2 1 13 02 05 01 15 02 0 0 0O 0___norm. HMGA2 % of § !
| S ———— ACTIN  190[mm — e = == — — | VINCULIN " e E
35 —
human PDAC cell lines human PDAC organoids o S100, b
] —
5 8 3 80
C 5 Mot Moffitt ,_Collisson KC K28cC 2 N
= = 60: = 60
= ry - =3 - . s - T DAPI/KRT5 HMQAZ _ DAPI/KRT5 HMGA2 _ g g
= » ! o . £ AN 40 40
o [ T = |, 2y ° °
£2 =5 =2 - ~ g g 20
S ] < S0 g » g
21 2L 81 = 8 E 7 ol +— Tolx—=
= = 5
s ¥ a I3 {4
3 X 3 d R by
8° <= 8 LA I e + ke [xc M kzsc
<
& B ) & Q41 iy 5 weeks 30 weeks
= %1 . T Fokokk Fhokk
T 2] metastatic - resectable o -2 . g =z 100.
basal-like classic basal-like classic classical exo QM L, B 2 80 604
COMPASS Stg IV Resectable Stg I/ll COMPASS Stg lll/IV Y 60
P=3.126E-06 P=7.54E-07 P=1.443E-11 = g % 40
I
Bailey 3Chan-Seng-Yue Ko8C :.j, 2. 20
= 7| 77 I h KC g ol
& T o GATA6 GATA6 HMGA2
2 I =2 5 20 25+ *
S| T =3 g g G Y] g * —
2 =) d @ 15 20
o1 o1 0
5 =l PAT g 154
53 L] g |1 PR 3 L 2 104 1od
0 L oo z 1 ﬂﬁj’
g . < . g 54 '|' 5
1) . | z
g . 2—1 ol ol
- B AsPC-1 100 ,—|** 1004
-2 24 = EMPTY mmAsPC- 2-score e 5 - ok
FS e PEERE ==HMGA2 WT =maHPAT]l B8 | 2 s 80]
P& S g 8288 s 2 604 604
N 2 d 87T % 8 8 3
COMPASS Stg lll/IV S 3 9 40 pry
P=4.296E-11 COMPASS Stg lll/IV g
P=3.395E-10 g 209 2
ol r—a o3

Fig. 3 | HMGA2 strongly associates with the basal subtype. a WB of LIN28B,
HMGAZ2 and ACTIN from whole cell lysates of human PDAC cell lines. b WB of
LIN28B, HMGA?2 and VINCULIN from whole cell lysates of human PDAC cell lines.
¢ Gene expression of HMGA2 in COMPASS trial data analyzed using indicated
subtyping algorithms. d Hierarchical clustering and gene expression analysis
using qRT-PCR in three classical PDAC cell lines engineered to overexpress an
empty vector control or HMGA2 WT upon doxycycline treatment. e-f Immuno-
fluorescence for DAPI, KRTS, KRT17 (e) and immunohistochemistry for HMGA2
in engineered Capan-2 xenografts. Cells overexpress WT HMGA2 or an empty
vector. Scale bars =100 um. Orthotopic implants in NSG mice, treated with

200 pg/mL doxycycline post-surgery. Arrows and dotted lines comparable
glands. Quantification of the average signal of the indicated antibodies (f).

g-i Immunofluorescence for DAPI, KRTS5 (g), immunohistochemistry for GATA6
and HMGA2 (g-h) in K28C and KC timepoint mice. Scale bars = 50 um. Quantifi-
cation of the average signal of the indicated antibodies (i). IF and IHC of KC
represent the same region, therefore HMGA2 IHC is not shown. Box plots (f;, i)
represent median, interquartile range and 5-95th percentile of n=35 mice.
Asterisks, P values after unpaired, two-tailed ¢ test. ***P < 0.0001 HMGA2 WT vs
EMPTY, HMGA2; ***P < (0.0001 HMGA2 WT vs EMPTY, KRTS5; **P=0.0006
HMGA2 WT vs EMPTY, KRT17; ***P < 0.0001 K28C vs KC, 5 weeks HMGA2;
P < 0.0001 K28C vs KC 30 weeks, HMGA2; *P=0.0250 K28C vs KC, 5 weeks
KRTS; *P=0.0357 K28C vs KC, 30 weeks KRTS5; **P=0.0023 K28C vs KC, 5 weeks
GATA6; **P=0.0026 K28C vs KC, 30 weeks GATA®6; Source data are provided as a
Source Data file.

(Fig. 4d). These findings suggest that HMGA2 regulates translation
initiation through S6K activation. We next asked if these changes in
S6K signaling and ribosome loading are critical for protein synthesis
rates in basal PDAC. At baseline, basal PDAC has remarkably elevated
levels of de novo protein synthesis compared to classical PDAC in
patient-derived cell lines and organoids, as measured by puromycin
incorporation (Fig. 4e-f). Knockdown of HMGA2 in four basal cell lines
(Fig. 4g) reduced protein synthesis, while classical lines were
unaffected.

We observed that WT HMGA2 expression was sufficient to
increase pS6K (Fig. 5a) and de novo protein synthesis in classical PDAC
lines (Fig. 5b). To determine if this increase in protein synthesis and
pS6K caused by HMGA2 overexpression led to enhanced growth
in vivo, we implanted classical cell lines with or without HMGA2
expression subcutaneously and orthotopically and observed acceler-
ated tumor growth with WT HMGA2 compared to control (Fig. 5c).
Moreover, HMGA2 expression reduced survival (Fig. 5d) and led to the
formation of earlier metastases (Fig. 5e). IHC staining of tumors
demonstrated higher levels of pS6K with WT HMGA2 compared to the

empty vector (Fig. 5f-g). Together, our work supports the critical role
of HMGA2 in defining the lethal basal PDAC phenotype, regulating S6K
and mRNA translation, and controlling tumor growth in vivo.

HMGA2 controls mRNA translation downstream of LIN28B

We next sought to determine if the increase in protein synthesis we
observe with high levels of HMGA2 was recapitulated in our K28C
mouse model. Indeed, protein de novo synthesis was increased in
K28C mouse cell lines as compared to KC (Supplementary Fig. 5a).
Daley and colleagues previously reported LIN28B-mediated let-7
independent regulation of protein synthesis in neuroblastoma that
involved direct binding of LIN28B to mRNA transcripts of protein
synthesis genes, resulting in their enhanced translation and
expression®, We examined our human model systems to determine if
our observed phenotypes were LIN28B-dependent. In human cell lines,
when LIN28B was knocked down in basal PDAC, reduction in de novo
protein synthesis could be rescued with overexpression of HMGA2
that contains no 3’UTR and thus lacks all let-7 binding sites (Supple-
mentary Fig. 5b). Similarly, overexpression of LIN28B in classical cell
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Fig. 4 | High expression of HMGA2 leads to dramatic changes in protein
synthesis. a WB for pS6K T389 and pS6K T229, S6K, pEIF4B S422, EIF4B, pS6 S235/
S236, S6, and ACTIN in basal PDAC cell lines transfected with an siRNA against a
non-targeting control or HMGA2. b Growth curves of two basal and two classical
PDAC cell lines transfected with siRNA against S6KBI or a non-targeting control.
Data are displayed as means +s.e.m (n =3 biologically independent experiments);
asterisks, P values after unpaired, two-tailed ¢ test.**P=0.0002 siS6KBLI vs siCtrl,
Panc-1; **P = 0.0004 siS6KB1 vs siCtrl, BxPC3; ns, non-significant. ¢ WB for HA-S6K,
HMGA2, pS6K T389, S6K, pEIF4B S422, EIF4B, pS6 S235/S236, S6, and VINCULIN in
human basal PDAC cell lines engineered to overexpress an empty control, HA-
tagged wildtype S6K (WT-S6K) or a constitutivly active S6K (CA-S6K) upon dox-
ycycline treatment. Cells were transfected with siRNA against HMGAZ2 or a non-

targeting control. d Full polysome profiling traces for KP4 cell line transfected with
siRNA against HMGAZ or a non-targeting control from triplicate experiments. The
experiment has been repeated twice with similar results. Arrows: 40S, 60S, and 80S
peaks; #: DNA contamination; light and heavy polysome fractions. e WB for pur-
omycin incorporation, HMGA2, and ACTIN in three basal and three classical human
PDAC organoids. f WB for puromycin incorporation, LIN28B, ACTIN, HMGA2, and
H3 in basal and classical PDAC lines. WCL, whole cell lysates; Chr, chromatin. g WB
for puromycin incorporation, ACTIN, HMGA2, and H3 in four basal and two classical
PDAC lines transfected with siRNA targeting HMGA2 or a non-targeting control.
WCL, whole cell lysates; Chr, chromatin. Source data are provided as a Source
Data file.

lines resulted in elevated endogenous HMGA2 levels, which subse-
quently enhanced de novo protein synthesis. Conversely, knockdown
of HMGA?2 in cells with exogenous LIN28B expression prevented this
increase in protein synthesis (Supplementary Fig. 5c). Lastly, knock-
down of Hmga2 in K28C mouse cell lines reduced de novo protein
synthesis (Supplementary Fig. 5d). These findings suggest that HMGA2
modulates global mRNA translation downstream of LIN28B.

HMGA2 controls S6K phosphorylation through LCMT1 and
specific methylation of PP2A

We have demonstrated that loss of HMGA2 in basal PDAC reduces
phosphorylation of S6K at T389 by ~50%, which is consistent with the
extent of reduction in protein synthesis we observe (Fig. 4a, g). How-
ever, we saw no evidence that either upstream or downstream com-
ponents of the mTOR pathway were affected by loss of HMGA2, except
for S6K phosphorylation (Supplementary Fig. 4a-b). This would sug-
gest that HMGA2 may regulate S6K in an mTOR-independent manner.
Since mTOR is the only known kinase capable of phosphorylating T389
of S6K, we hypothesized that a phosphatase may be recruited for
HMGA2-mediated regulation of S6K". Of the known human phos-
phatases, PP2A has been shown to directly bind to S6K and depho-
sphorylate T389 without affecting phosphorylation of other mTOR

substrates, including AKT or 4E-BP1°®. The PP2A holoenzyme is com-
posed of three subunits: A (scaffold), B (regulatory), and C (catalytic).
While the human genome encodes only two PP2A-A subunits and two
PP2A-C subunits, there are at least 12 different PP2A-B genes that allow
for regulation and substrate specificity®. To determine if PP2A is
responsible for S6K dephosphorylation, we knocked down the cata-
lytic subunits of PP2A. Interestingly, knockdown of the more abundant
subunit, PPP2CA, restored pS6K in the context of HMGA2 loss
(Fig. 6a-b). For orthogonal validation, we treated HMGA2 knockdown
cells with okadaic acid, an inhibitor of serine/threonine phosphatases
including PP2A, and observed rescue of pS6K (Fig. 6¢). PP2A catalytic
activity is modulated by several post-translational modifications, with
the carboxymethylation of the terminal leucine residue on the catalytic
subunit driving biased heterotrimerization and enhancing PP2A’s
tumor suppressive activity’®. Loss of HMGA2 in basal lines led to
increased mePP2A while overexpression of HMGA2 in classical lines
decreased mePP2A (Fig. 6d-e). Carboxymethylation of this residue is
catalyzed by the leucine carboxyl methyltransferase 1 (LCMT1). Inter-
estingly, knockdown of HMGAZ resulted in increased LCMTI expres-
sion (Fig. 6f-g) while HMGA2 overexpression in classical lines reduced
its expression (Fig. 6h). When we performed chromatin immunopre-
cipitation (ChIP) at the LCMTI promoter, we found that HMGA2 bound
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within 500 bp of the transcription start site. Furthermore, knockdown
of HMGA?2 led to increases in active transcription marks H3K4me3 and
RNA Pol II serine 5 phosphorylation at the same locus (Fig. 6i). To
determine whether modulation of LCMT1 itself could control mRNA
translation, we overexpressed WT LCMTI1 in basal lines and found
increased mePP2AC, reduced pS6K, and decreased mRNA translation
(Fig. 7a). Conversely, when we knocked down LCMTI1 in classical lines,
we observed increased mRNA translation (Fig. 7b) and a gain of basal
features as measured by KRTS, KRT17, and KRTS81 (Fig. 7c). Upon
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subcutaneous injection, shLCMT1 cells exhibited enhanced tumor
growth (Fig. 7d) and greater tissue invasion (Fig. 7e) compared to
shCtrl xenografts. Additionally, shLCMT1 tumors displayed elevated
expression of KRT5 and KRT81 (Fig. 7f-g), along with increased pS6K
levels (Fig. 7h), mirroring the HMGA2 WT phenotype. Thus, HMGA2
modulates pS6K levels and protein synthesis through transcriptional
downregulation of LCMTI, resulting in decreased PP2A methylation
and activity and regulation of lineage plasticity (see Fig. 7i for pro-
posed model).
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Fig. 5 | Overexpression of HMGA2 in classical PDAC results in more aggressive
disease and higher levels of pS6K in vivo. a WB for pS6K T389, total S6K, pEIF4B
S422, total EIF4B, pS6 S235/S236, total S6, and His-tagged HMGA?2 in three classical
PDAC cell lines engineered to overexpress empty vector or HMGA2 WT upon
doxycycline treatment. b WB of puromycin incorporation, LIN28B, ACTIN, His-
tagged HMGA2, and H3 in four HMGA2"* PDAC cell lines engineered to overexpress
empty or HMGA2 WT upon doxycycline treatment. WCL, whole cell lysate; Chr,
chromatin. ¢ Engineered Capan-2 and HPAF-II cells outgrow control cells when
overexpressing WT HMGA2 (red). Subcutaneous flank implants in NSG mice,
treated with 200 ug/mL doxycycline post-surgery. Data are displayed as means +
s.e.m. N(Capan-2 Empty) = 4 mice, N(Capan-2 WT HMGA2) =4 mice, N(HPAF-II
Empty) = 4 mice and N(HPAF-Il WT HMGA?2) =4 mice; P values after paired, two-
tailed ¢ test. d Tumor-free survival curve for mice orthotopically implanted with the

indicated engineered Capan-2 cell lines. N(Capan-2 Empty) = 6 mice and
n(Capan-2 WT HMGA2) = 6 mice; P values after log-rank test. NSG mice were
treated with 200 pg/mL doxycycline post-surgery. e Metastases to the lung (left,
scale bar = 50 um) and small intestine (right, scale bar = 100 um) were observed with
HMGA2-overexpressing tumors. Specific immunohistochemistry for HMGA2. Scale
bar =50 um. f Quantification of specific immunohistochemistry for HMGA2 and
pS6K T389 in HMGA2 WT tumors compared to empty vector control of orthoto-
pically implanted engineered Capan-2 cells from Fig. 5d. Box plots represent
median, interquartile range and 5-95th percentile of n = 6 mice. Asterisks, P values
after unpaired, two-tailed ¢ test. **P=0.005 HMGA2 WT vs EMPTY, pS6K;

P < (0.0001 HMGA2 WT vs EMPTY, HMGA2. g Representative HMGA2 and pS6K
IHC images. Scale bar =50 um. Source data are provided as a Source Data file.
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Fig. 6 | HMGA2 controls activation of PP2A and LCMT1. a QRT-PCR for HMGA2,
PPP2CA, and PPP2CB in two HMGA2 high cell lines transfected with an siRNA
against a non-targeting control, HMGA2, PPP2CA, and PPP2CB as indicated. Plots are
displayed as means of technical triplicates. b WB for pS6K T389, total S6K, PP2AC,
and VINCULIN in two HMGA2 high cell lines transfected with an siRNA against a
non-targeting control, HMGA2, PPP2CA, and PPP2CB as indicated. ¢ WB for pS6K
T389, S6K, HMGA2, and VINCULIN in two basal PDAC cell lines transfected with an
siRNA against a non-targeting control or HMGA2Z, then treated with 100 nM okadaic
acid (OA) for the indicated times. d WB for meL309 PP2AC, total PP2AC, HMGA2,
and VINCULIN in three basal PDAC cell lines transfected with an siRNA against a
non-targeting control or HMGA2. e WB of meL309 PP2AC, PP2AC, and VINCULIN in
three classical PDAC cell lines engineered to overexpress empty or HMGA2 WT
upon doxycycline treatment. f-g QRT-PCR (f) and WB (g) for LCMT1 in three basal

PDAC cell lines transfected with siRNA against a non-targeting control or HMGA2.
Bar plots are displayed as mean + s.e.m (n =3 biologically independent experi-
ments); asterisks, P values after unpaired, two-tailed ¢ test. *P = 0.0245 siHMGA2 vs
siCtrl, Panc3.27; *P=0.0374 siHMGAZ2 vs siCtrl, KP4; **P=0.0027 siHMGA2 vs
siCtrl, Panc-1. h QRT-PCR for LCMT1 in two classical PDAC cell lines engineered to
overexpress HMGA2 upon dox-treatment. i ChIP for H3K4me3, H3, serine 5
phosphorylated RNA Pol 1I, HMGA2, and IgG at the LCMT1 promotor in KP4 cells
transfected with siRNA against a non-targeting control or HMGA2. Bar plots (h-i)
are displayed as mean *s.e.m (n =3 biologically independent experiments);
asterisks, P values after unpaired, two-tailed ¢ test. **P=0.0008 HMGA2 WT vs
EMPTY, AsPC-1; **P=0.0041 HMGA2 WT vs EMPTY, Capan-2; *P=0.0356 siHMGA2
vs siCtrl H3K4me3; *P = 0.0459 siHMGAZ2 vs siCtrl pPolll; *P=0.0268 siHMGA2 vs
siCtrl HMGAZ2; ns, non-significant. Source data are provided as a Source Data file.

HMGA2 disrupts PPP2R5A-PP2A targeting of phosphorylated
Sé6K in PDAC cells

To investigate whether HMGA2 influences the formation of the PP2A
holoenzyme responsible for targeting phosphorylated S6K, we lever-
aged DT-061, a small-molecule PP2A activator known to promote
active PP2A holoenzyme assembly™. Prolonged treatment of basal
PDAC cells with DT-061 resulted in a marked decrease in de novo
protein synthesis, accompanied by increased formation of mePP2A
heterotrimers and reduced pS6K levels, phenocopying HMGA2's

effects on LCMTI (Supplementary Fig. 6a). Notably, DT-061 functions
as a molecular glue, stabilizing the interaction between the PPP2RSA
(B56a) regulatory subunit and PP2A’%. To determine HMGA2's influ-
ence on PPP2R5A expression, we performed HMGA2 knockdown in
basal PDAC cells, which significantly increased PPP2R5A levels (Sup-
plementary Fig. 6b-c). When we performed ChIP at the PPP2R5A pro-
moter, we found that HMGA2 was enriched at the transcription start
site. Knockdown of HMGAZ led to increases in active transcription
marks H3K4me3 and RNAPII serine 5 phosphorylation at the promoter
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Fig. 7 | Loss of LCMT1 recapitulates phenotype of HMGA2high PDAC. a WB of
puromycin incorporation, ACTIN, LCMT1, meL309 PP2AC, total PP2AC, pS6K
T389, S6K, pEIF4B, EIF4B, pS6, S6, and VINCULIN in two basal cell lines stably
transduced with LCMT1 WT or a control vector. b WB of puromycin incorpora-
tion, ACTIN, LCMT1, meL309 PP2AC, total PP2AC, pS6K T389, S6K, pEIF4B S422,
EIF4B, pS6 S235/S236, S6, and VINCULIN in two classical cell lines stably trans-
duced with shRNA targeting LCMT1 or a non-targeting control. ¢ Hierarchical
clustering and gene expression analysis using qRT-PCR for KRTS5, KRT17, KRTSI,
and LCMTI in four classical PDAC cell lines stably transduced with shRNA tar-
geting LCMTI or a non-targeting control. d Engineered AsPC-1 and SUIT-2 cells
stably expressing shRNA scrambled (black) or shRNA against LCMTI (red) were
injected subcutaneously into flanks of NSG mice. Data are represented as

mean + SEM. N(AsPC-1) =10 and n(SUIT-2) = 8; asterisks, P values after unpaired,
two-tailed ¢ test, *P=0.0187 shLCMT]1 vs shCtrl, day 31 AsPC-1;

**P=0.0017 shLCMT1 vs shCtrl, day 36 AsPC-1; ***P < 0.0001 shLCMT1 vs shCtrl,
day 39 AsPC-1; *P=0.0364 shLCMT1 vs shCtrl, day 31 SUIT-2;

**P=0.0038 shLCMT1 vs shCtrl, day 36 SUIT-2; **P=0.0014 shLCMT1 vs shCtrl,
day SUIT-2. e Representative H&E images of the invasive phenotype of shLCMT1

MTOR pathway —— 3¢ anslation

cell lines. Dashed line represents tumor border, dotted line indicates tumor cells
invading into muscle. Scale bar =100 um. f-g, Quantification of area signal of the
indicated antibodies (f) and immunofluorescence for DAPI, KRTS5, and KRT81 (g)
in engineered SUIT2 xenografts. Cells overexpress shControl or shLCMTI. Box
plots represent median, interquartile range and 5th to 95th percentile of
n(KRTS5 shCtrl) = 24, n(KRT5 shLCMT1) =27, n(KRT81 shCtrl) =27 and

n(KRT81 shLCMT1) = 26 different areas in seven mice; asterisks, P values after
unpaired, two-tailed ¢ test. *P=0.0270 shCtrl vs shLCMT1 KRT5;

***p=0.0007 shCtrl vs shLCMT1 KRT8I. h left: Quantification of pS6K T389 in
KRT5-positive subcutaneous tumors from Fig. 7d-g. Box plots represent median,
interquartile range and 5-95th percentile of n=7 mice; asterisks, P values after
unpaired, two-tailed ¢ test. **P=0.0020 shLCMT1 vs shCtrl SUIT-2. Right: Repre-
sentative images of pS6K T389 IHC of the indicated xenografts. Scale bar = 50 u
m. i, Model of proposed mechanism by which HMGA2 controls translation levels
via suppression of LCMT1 and deactivation of PP2A. Created in BioRender.
Yamamoto, N. (2025) https://BioRender.com/s26w133. Source data are provided
as a Source Data file.

(Supplementary Fig. 6d). Importantly, HMGA2 loss did not affect the
expression of the PP2A scaffold (A subunit) or the catalytic PP2AC
subunit (Supplementary Fig. 6e). To explore whether HMGA2 loss
altered PPP2R5A/PP2AC interactions, we performed sucrose ultra-
centrifugation of native protein lysates to analyze changes in PP2A
complex formation. In basal cells at baseline, active PP2A, comprising
mePP2A and PPP2R5A, was not associated with phosphorylated S6K
(Supplementary Fig. 6f). However, knockdown of HMGA2 led to co-
sedimentation of phosphorylated S6K, mePP2A, and PPP2R5A. Toge-
ther, our findings indicate that through suppression of LCMT1 and
PPP2R5A, HMGA?2 prevents formation of the active PP2A holoenzyme
and leads to increased phosphorylated S6K.

Targeting protein synthesis in basal PDAC

Our data suggest that, compared to classical PDAC, basal PDAC may be
intrinsically dependent on increased protein synthesis via the HMGA2-
S6K axis (Figs. 4-5). It has been shown that the small molecule
homoharringtonine (HHT) inhibits translationally-driven tumors by

halting translation initiation after the ATG start codon”. Given
HMGAZ2’s profound impact on translation initiation, we wondered if it
could dictate HHT sensitivity. HHT treatment reduced mRNA transla-
tion in both HMGA2"e" basal and HMGA2" classical human and
murine PDAC lines, but only HMGA2"&" lines underwent cell death, as
measured with cleaved PARP or crystal violet assay (Fig. 8a-d). Addi-
tionally, overexpression of WT HMGA2 in classical lines increased
sensitivity to HHT (Fig. 8e). We next used a PDX model subtyped as
basal and confirmed high expression of HMGA2 by IHC (Fig. 8f). The
model was treated with HHT for 21 days, and growth was significantly
inhibited compared to vehicle (Fig. 8g). In comparison, classical PDXs
were not sensitive (Fig. 8h). HHT also did not cause substantial toxicity,
as assessed by maintenance of animal weight throughout treatment
(Fig. 8i-j). Additionally, treatment with HHT resulted in prolonged
survival of basal PDXs (Fig. 8k). Together, these studies demonstrate
that high levels of mRNA translation and active S6K are required for
growth in HMGA2"&" but not HMGA2"*" PDAC, defining a potential
therapeutic strategy.
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Fig. 8 | Targeting protein synthesis in basal PDAC. a WB of puromycin incor-
poration, PARP, HMGA2, and ACTIN in two basal and two classical cell lines treated
with homoharringtonine (HHT). b WB of puromycin incorporation, HMGA2, and
ACTIN in KC and K28C cell lines treated with HHT for 24 h. c-d, Representative
brightfield color images of crystal violet-staining (c) and relative growth (d) of KC
and K28C murine PDA cells treated with increasing doses of HHT for 24 h. Scale
bar =100 um. Data are displayed as means + s.e.m (n =4 biological replicates);
asterisks, P values after unpaired, two-tailed ¢ test. **P=0.0082 K28C-3 vs KC-1,
10 nM HHT; *P=0.0003 K28C-3 vs KC-1, 100 nM HHT. e Relative IC50s of two
classical PDAC lines engineered to overexpress HMGA2 upon dox-treatment. Cells
were treated with increasing doses of HHT. Data are displayed as means+ s.e.m
(n=5 biological replicates); asterisks, P values after unpaired, two-tailed ¢ test.
**P=0.0003 HMGA2 WT vs EMPTY, AsPC-1; ***P < 0.0001 HMGA2 WT vs EMPTY,
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HPAF-II. f Inmunohistochemistry for HMGA2 in one basal (PAAD155) and one
classical (PAAD200) PDX model. Scale bar = 100um g-h, Tumor volume of
PAAD155 (g) and PAAD200 (h) xenografts after treatment with twice-daily HHT
(0.5 mg/kg, dashed) compared with vehicle control (DPBS, solid) for 21 days.
N(DPBS) =7 mice, n(HHT) =5 mice for PAAD155 and n(DPBS) =9 mice, n(HHT) =9
mice for PAAD200. Data are displayed as means + s.e.m; P values after paired, two-
tailed ¢ test. i—j, Whole-body weights of mice implanted with PAAD155 (i) and
PAAD200 (j) xenografts after treatment with twice-daily HHT (0.5 mg/kg, dashed)
compared with vehicle control (DPBS, solid) for 21 days. N(DPBS) =7 mice,
n(HHT) = 5 mice for PAAD155 and N(DPBS) =9 mice, n(HHT) = 9 mice for PAAD200.
k The PAADI15S cohort in (g) was monitored for survival up to 8 weeks after
treatment. Kaplan-Meier analysis and log-rank P values are shown between groups.
Source data are provided as a Source Data file.

Discussion

Our study demonstrates that the oncofetal proteins LIN28B and
HMGA?2 are highly expressed in basal subtype PDAC and that
basal PDAC model systems are uniquely reliant on LIN28B/
HMGA?2 for cell growth. By using the p48-Cre; KrasG12D mouse
model, we show that LIN28B expression accelerates auto-
chthonous KrasG12D-driven pancreatic cancer. Downstream of
LIN28B, we show that HMGA2 drives increased expression of
basal PDAC markers and alters protein synthesis by regulating
phosphorylation of S6K. Mechanistically, HMGA2 reduces the
expression of the methyltransferase LCMT1 and PPP2R5A, leading
to decreased PP2A methylation and activity. The resulting ele-
vated levels of S6K phosphorylation and overall protein synthesis
renders basal PDAC hypersensitive to protein synthesis inhibition
by HHT. Likewise, ectopic expression of HMGA2 in classical cell
lines sensitized these cells to protein synthesis inhibition. This
study describes a mechanism by which HMGA2 expression con-
tributes to aggressive PDAC and proposes targeted therapies for
treatment of these subtypes.

Reactivated expression of LIN28B and HMGA2 has previously
been described in pancreatic cancer and distant metastasis. However,
how the LIN28B/HMGA2 axis promotes pancreatic cancer initiation
and progression has remained a mystery. Here, we demonstrate that
sustained expression of LIN28B in a PDAC GEMM accelerates tumor-
igenesis, metastasis and decreases survival compared to littermates
without LIN28B expression. These findings are consistent with those of
Franses and colleagues, who identified that LIN28B expression in cir-
culating tumor cells was prognostic for poor survival®?. We found that
continuous expression of LIN28B is required for an accelerated disease
phenotype. This is consistent with LIN28B’s role in upregulating
HMGA2, which we found to be both necessary and sufficient for PDAC
survival. Furthermore, we observed that ectopic expression of HMGA2
in the absence of LIN28B was sufficient to increase tumor growth and
metastatic potential in vivo. These findings suggest that LIN28B’s
oncogenic function in pancreatic cancer is primarily through its role in
upregulating HMGA2.

HMGA?2 is overexpressed in pancreatic cancer tissues compared
to adjacent normal ducts, underscoring its potential diagnostic and
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prognostic value’. Numerous studies have established correlations
between elevated HMGA2 levels and more undifferentiated tumor
histology, advanced stage, and lymph node metastasis, implicating
HMGA2 in driving disease progression and aggressiveness in PDAC and
other malignancies”>’¢. Moreover, HMGA2's association with che-
motherapy resistance in cancer cell lines further accentuates its clinical
significance, indicating its potential as a therapeutic target to improve
treatment outcomes’’.

In the study by Chiao and colleagues®, the loss of HMGA2 in the
KPC mouse model did not significantly affect survival or metastatic
burden. This outcome is likely due to the enforced loss or mutation of
p53 in the KPC model, which bypasses the dependency on HMGA?2 for
tumor progression. In contrast, our K28C mouse model introduces
HMGA?2 gain-of-function (GOF) paired with stochastic loss or
decreased function of p53, resulting in tumors that are highly depen-
dent on HMGA2. The loss of p53 during tumor progression in the K28C
model creates a unique genetic context in which HMGA2 GOF
becomes indispensable. These results highlight the critical influence of
genetic context, particularly the difference between p53 loss in utero
versus during tumor progression on tumor dependencies.

Recent studies have emphasized the importance of the cell of
origin in determining PDAC subtypes and progression’®. For example,
KRAS-driven tumors originating from acinar cells are predominantly
enriched in the classical subtype, which is characterized by high
expression of endodermal lineage markers, such as GATA transcrip-
tion factors. While p53 inactivation or mutation accelerates tumor-
igenesis in these tumors, tumor initiation can still occur in the
presence of wild-type p53, although at a slower pace. By contrast,
tumors arising from ductal cells are frequently associated with the
basal-like subtype, which is enriched for squamous lineage markers
and exhibits a more aggressive phenotype. These ductal-derived
tumors require p53 inactivation or mutation (e.g., Trp53R172H or
Trp53R270H) to drive aggressive growth and metastasis. Interestingly,
studies have also shown that the loss of tumor suppressors in mouse
models can induce PDAC even in the context of wild-type p53, further
supporting the notion that the cell of origin and genetic alterations
work in concert to dictate tumor behavior.

Our findings align with these insights by demonstrating that
LIN28B/HMGA2 GOF preferentially drives basal-like features in the
context of p53 loss during tumor progression. Furthermore, our
investigation revealed a strong association between HMGA2 expres-
sion patterns and the basal pancreatic cancer subtype. Notably, ecto-
pic expression of HMGA2 in the classical PDAC subtype resulted in
increased expression of basal keratins such as KRT5 and KRT17,
alongside suppression of the classical marker GATA6. These findings
highlight HMGA2’s pivotal role in defining subtype specificity and
shaping the molecular landscape of PDAC progression. Beyond its role
as a prognostic marker, HMGA2 represents a key determinant of
subtype specificity and offers potential avenues for targeted ther-
apeutic interventions in basal-like PDAC.

Our work also identifies regulation of the phosphatase PP2A as a
molecular switch in PDAC. PP2A negatively regulates several growth-
related pathways including ERK, AKT, and WNT signaling” and sup-
presses ¢-MYC oncogenic activation®. Inhibition of PP2A in cancer
can occur through increased levels of endogenous inhibitors besides
mutation in specific subunits®. CIP2A and SET are frequently over-
expressed in pancreatic cancer and inhibit PP2A activity®’. Its
reduced activity increases cell growth and is strongly associated with
epithelial-mesenchymal transition®*** and MEK inhibitor resistance®.
Our study has established the relevance of PP2A in fine-tuning pro-
tein synthesis in pancreatic cancer. Interestingly, basal PDAC evolves
to reduce PP2A activity by controlling the expression of the PP2A
activator LCMT1.

By using complementary in vitro and in vivo models, we have
identified a vulnerability of basal PDAC: protein synthesis. We found

that basal PDAC has much higher levels of de novo protein synthesis
and is sensitive to loss of S6K or pharmacological inhibition.
Homoharringtonine (HHT), also known as omacetaxine mepesucci-
nate, is a natural alkaloid derived from the Cephalotaxus genus of
evergreen trees. Originally discovered in the 1970s, this compound
has garnered significant attention due to its potent anti-cancer
properties. One of the notable characteristics of HHT is its ability to
inhibit protein synthesis by targeting the ribosome, leading to
apoptosis in cancer cells. This mechanism makes it particularly
effective against certain types of leukemia and solid tumors,
including bladder, prostate, and lung cancer. HHT has been exten-
sively studied and is approved by the Food and Drug Administration
for the treatment of chronic myeloid leukemia®. Treatment of lung
cancer mouse models with HHT showed anti-cancer activity®”. Here,
we demonstrate the relative efficacy of HHT in treating basal PDAC,
demonstrating its potential use in subtype-specific therapies. Our
study provides a vulnerability of basal PDAC that is directly action-
able in the clinic to treat PDAC patients.

While HHT directly targets the identified pathway at the level
of protein synthesis, alternative therapeutic strategies for basal
PDAC could involve targeting S6K or modulating PP2A activity to
disrupt the same pathway effectively. S6K inhibitors, such as
LY2584702, have demonstrated efficacy in preclinical studies by
suppressing S6K-mediated signaling pathways®. However, a lim-
itation of LY2584702 is that it does not address feedback acti-
vation of AKT through the mTORCI pathway, a compensatory
mechanism that can undermine its therapeutic effects. In con-
trast, M2698, a dual inhibitor of S6K and AKT1/3, offers a more
comprehensive approach by concurrently targeting this feedback
loop. Preclinical data indicate that M2698 reduces cell prolifera-
tion and tumor progression in mTOR-driven cancers, and its
ability to penetrate the blood-brain barrier broadens its ther-
apeutic potential®. This dual action makes M2698 a more pro-
mising candidate, particularly in tumors like basal PDAC where
mTOR signaling drives protein synthesis. Modulating PP2A
activity presents another complementary therapeutic avenue.
PP2A is a tumor suppressor, and its activity is often diminished in
PDAC. Pharmacological activators of PP2A, such as DT-061, sta-
bilize specific PP2A holoenzymes and restore its activity, leading
to decreased pS6K levels”. This provides another mechanism to
suppress protein synthesis and tumor growth in basal PDAC. By
targeting S6K downstream of mTOR, DT-061 bypasses the need to
directly inhibit mTOR itself, offering a distinct and potentially
synergistic therapeutic pathway. In summary, targeting S6K
activity with inhibitors like M2698, which addresses AKT feed-
back activation, or enhancing PP2A activity with activators like
DT-061 to reduce pS6K levels, represents promising approaches
for treating basal PDAC. These strategies not only converge on
the regulation of protein synthesis but also provide com-
plementary methods to disrupt key oncogenic pathways driving
tumor progression.

While the dramatically high levels of protein synthesis we observe
in basal PDAC provide an excellent target for therapeutic intervention,
it remains unclear how the cell adapts to sustain this metabolic strain.
Furthermore, it remains to be determined if specific pathways and
proteins are over-expressed when HMGA?2 levels are high, and how
alteration of these pathways may provide other therapeutic targets for
basal PDAC. Finally, HMGA2’s regulation of LCMT1 and, therefore,
mePP2A is not limited to its role in increasing pS6K and protein
synthesis. LCMT1 also methylates the PP4 and PP6 protein phospha-
tases, thereby implicating HMGA2 in altering the general cellular
phosphoproteome. The PP2A family is also implicated in a variety of
cellular functions, including apoptosis, metabolism, cell mobility, and
the cell cycle. The composition and relative abundance of different
PP2A holoenzymes with and without HMGA2 present will provide
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important opportunities for understanding the basic activity and
specificity of this phosphatase.

Methods

Mice

Mice were housed in pathogen-free animal facilities under controlled
conditions, including a 12 h light/dark cycle, an ambient temperature
of 75 °F (24 °C), and a humidity level of 30-70%. All experiments were
conducted under protocol PROT0201900024 in accordance with the
Fred Hutchinson Cancer Center IACUC guidelines. P48-Cre’® and
KrasLSL-G12D" mice were a kind gift from Sunil Hingorani. P53flox
strain® was a kind gift from Nabeel Bardeesy. B6.Cg-Collaltm2(tetO-
LIN28B)Gqda/l** and B6.Cg-Gt(ROSA)26Sortm1(rtTA,EGFP)Nagy/J > were
purchased from Jackson (RRID:IMSRJAX:005670 and RRI-
D:IMSR JAX:005670, respectively). Male KrasLSL-GI2D +/-;rtTA+/+
mice were crossed with female P48-Cre +/-tetO-LIN28B mice to gen-
erate K28C, KC, LC, and C mice. Male P53flox/flox were crossed with
female P48-Cre +/-; KrasLSL-GI2D + /- mice to obtain KP*/"C mice.
KP*/~C, K28C, KC, 28C, and C mice were maintained on a C57BL/6
background. NSG (NOD scid gamma) mice and homozygous NU/J mice
were purchased from Translational Research Model Services Core
(TRMS) at Fred Hutch Cancer Center and Jackson Laboratories
(#002019), respectively. Data presented include both male and female
mice. All mice in the survival analysis were euthanized upon reaching
predefined disease burden criteria. Euthanasia was performed if ani-
mals exhibited one or more of the following conditions: tumor
ulceration or necrosis, tumor bleeding or purulent discharge indicat-
ing infection, impaired mobility, inability to reach food or water,
inability to remain upright, or interference with vital physiological
functions (respiration, mastication, swallowing, urination, or defeca-
tion). Additional criteria included hunched posture for more than 48 h,
labored breathing and/or cyanosis, severe dehydration, prolonged
reduction in food intake, marked physical inactivity, weight loss
exceeding 20% of normal body weight (monitored as part of tumor
protocols), body condition score <2, persistent diarrhea or constipa-
tion for more than 48 hours, and severe anemia. Experimental K28C,
KC, 28C, and C mice were fed with 200 ug/ml doxycycline in their
drinking water upon weaning unless stated elsewhere.

Cell lines and organoids

Pancreatic cancer cell lines HPAF-1I (CRL-1997), SW1990 (CRL-2172),
PSN1 (CRL-3211), Panc03.27 (CRL-2549), Panc-1 (CRL-1469), BxPC3
(CRL-1687), Panc8.13 (CRL-2551), ASPC-1 (CRL-1682), Capan-2 (HTB-
80), CFPACI1 (CRL-1918), Panc04.03 (CRL-2555), and SU86.86 (CRL-
1837) were obtained from American Type Culture Collection (ATCC;
Rockville, MD). The DanG (ACC 249) and PaTu-8988t (ACC 162) pan-
creatic cancer cells were obtained from DSMZ, KP4 (JCRB0182) and
SUIT-2 (JCRB1094) were obtained from JCRB cell bank, and COLO357
(Female 77 years) was a gift from Paul Chiao (MD Anderson). KP4,
SW1990, PSN1, Panc03.27, BxPc3, Panc8.13, ASPC-1, Su86.86, DanG,
SUIT-2, and COLO357 were grown in RPMI 1640 supplemented with
10% fetal bovine serum. Panc-1, CFPAC1, HPAF-II, and Capan-2 were
growth in DMEM with 10% fetal bovine serum. Panc04.03 was grown in
RPMI 1640 supplemented with 15% fetal bovine serum and 20 units/mL
recombinant human insulin. Cells were passaged by trypsinization. All
studies were done on cells cultivated for less than twenty passages.
Human PDAC organoids were a kind gift from Faiyaz Notta. Mouse
pancreatic organoids were derived and cultured according to the
methods detailed in Tuveson Laboratory Murine and Human Organoid
Protocols (https://tuvesonlab.labsites.cshl.edu/wp-content/uploads/
sites/49/2018/06/20170523_OrganoidProtocols.pdf). Briefly, mouse
tumor tissue was minced and digested in digestion media [DMEM +
glucose, L-glutamine, sodium pyruvate (GIBCO) with 10% fetal bovine
serum and 1% penicillin (100 U/ml)/streptomycin (100 Ug/ml) (Invi-
trogen GIBCO)] containing dispase (0.125mg/ml, GIBCO) and

collagenase Il (0.125 mg/ml, GIBCO) for 2 hours at 37 °C and 15 rpm. A
fraction was seeded onto rat tail collagen coated plates to generate cell
lines from the same tumors. The other tissue was further dissociated
with TrypLE (GIBCO) for 15min at 37°C and 15rpm. Cells were
embedded in Matrigel and cultured in Mouse Feeding Medium
(AdDMEM/F12 medium supplemented with HEPES [1x, Invitrogen],
Glutamax [1x, Invitrogen], penicillin/streptomycin [1x, Invitrogen], B27
[1x, Invitrogen], Primocin [1 mg/ml, InvivoGen], N-acetyl-L-cysteine
[200 pg/ml, Sigmal, RSPO1-conditioned medium [10% v/v], Mouse
Noggin [0.1pg/ml, Peprotech], Mouse EGF [50 ng/ml, Peprotech],
Human Gastrin [0.21 pg/ml, Tocris], Human FGF10 [0.1pg/ml, Pre-
protech], Y-27632 [0.21 pg/ml, Sigma], Nicotinamide [0.045 mg/ml,
Sigma], and A83-01 [0.21 pg/ml, Tocris]). Organoids in this manuscript
are labeled as 3D culture. To passage, murine organoids were dis-
rupted in ice-cold splitting media (AADMEM/F12 medium supple-
mented with HEPES [1x, Invitrogen], Glutamax [1x, Invitrogen],
penicillin/streptomycin [1x, Invitrogen]), and human organoids were
dissociated into single cells using TrypLE (GIBCO). Organoids were re-
seeded into Matrigel (Corning). Human organoids were cultured in
Human Feeding Medium (AdDMEM/F12 medium supplemented with
HEPES [1x, Invitrogen], Glutamax [1x, Invitrogen], penicillin/strepto-
mycin [1x, Invitrogen], B27 [1x, Invitrogen], Primocin [1 mg/ml, Invi-
voGen], N-acetyl-L-cysteine [200 pg/ml, Sigma], Wnt3a-conditioned
medium [20% v/v], RSPOl-conditioned medium [30% v/v], Mouse
Noggin [0.1 pg/ml, Peprotech], Human EGF [50 ng/ml, Peprotech],
Human Gastrin [0.21 pug/ml, Tocris], Human FGF10 [0.1pg/ml, Pre-
protech], Nicotinamide [0.045 mg/ml, Sigmal], and A83-01 [0.21 pg/ml,
Tocris]). Mouse cell lines/organoids used in this study are listed in
Table S1. Quantitative PCR for LIN28B, Lin28b, Hmga2, and Trp53 was
performed to identify primary cell lines. No further authentication
methods were used. Human pancreatic organoids derived from
patients are listed in Table S2 and were authenticated via STR-profiling
as indicated.

Whole cell lysates, chromatin isolation, and western blot

Chromatin fractions were prepared by resuspending the cell pellet in
lysis buffer containing 10 mM HEPES pH 7.4, 10 mM KCl, 0.05% NP-40
supplemented with a protease inhibitor cocktail (Complete EDTA-free,
Roche Applied Science), 5uM TSA, 5 mM sodium butyrate, 1 mM DTT,
and phosphatase inhibitors (Phosphatase Inhibitor Cocktail Sets 1, II,
and Il Calbiochem) and incubated on ice for 20 min. The lysate was
then centrifuged at 21,130 x g for 10 min at 4 °C. The supernatant was
removed (cytosolic fraction) and the pellet (nuclei) was acid-extracted
using 0.2 N HCI and incubated on ice for 20 min. The lysate was then
centrifuged at 21,130 x g for 10 min at 4 °C. The supernatant (contains
acid soluble proteins) was neutralized using 1M Tris-HCI pH 8. For
whole cell lysate (WCL), the cell pellet was resuspended in RIPA buffer
(25 mM Tris-HCI pH 7.6, 150 mM NacCl, 1%NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS) or NP40 lysis buffer (2.5mM Tris-HCI pH7.5,
150 mM NacCl, 1%NP40, 10% Glycerol, 2 mM EDTA) supplemented with
a protease inhibitor cocktail (Complete EDTA-free, Roche Applied
Science), 5uM TSA, 5 mM sodium butyrate, 1mM DTT and phospha-
tase inhibitors (Phosphatase Inhibitor Cocktail Sets I, Il and III, Cal-
biochem) and incubated on ice for 20 min. Cell lysates were sonicated
for 30 s on/off for 10 min with 20% amplitude or 10 s on 20 s off for
1.5 min with 20% amplitude in RIPA or NP40 lysis buffer, respectively.
The lysate was then centrifuged at 21,130 x g for 10 min at 4 °C and the
supernatant was harvested. Protein concentration was quantified by
BCA assay. Tenpg total protein (chromatin), or 20 ug (WCL) was
electrophoresed on a 4-20% gradient polyacrylamide gel with SDS
(Biorad) and electroblotted onto polyvinylidene difluoride mem-
branes (PVDF) (Millipore). Membranes were blocked in TBS with 5%
non-fat milk or 5% BSA (for phosphor-specific antibodies) and 0.1%
Tween and probed with antibodies. Bound proteins were detected
with  horseradish-peroxidase-conjugated secondary antibodies
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(1:5,000 Peroxidase Goat Anti-Rabbit IgG Antibody and 1:5,000 Per-
oxidase Horse Anti-Mouse IgG Antibody, Vector Biolaboratories PI-
1000 and PI-2000, respectively) and Clarity Western ECL Max (Biorad)
or Clarity Western ECL (Biorad). The following primary antibody
dilutions were used: anti-HMGA2 (1:1000, Cell Signaling #5269), H3
(1:5000, Abcam #ab1791), anti-FLAG (1:1000, Sigma Aldrich #F1804),
anti-IMP1 (1:1000, Cell Signaling #8482), anti-IGF2BP3 (1:1000, Pro-
teintech #14642-1-AP), anti-b-actin (1:1000, Sigma Aldrich #A5316),
anti-LIN28B (1:1000, Cell Signaling #4196), anti-pS6K T389 (1:1000,
Cell Signaling #9234), anti-pS6K T229 (1:1000, R&D Biosystems
#MAB8964-SP), anti-pS6 $235/236 (1:1000, Cell Signaling #4858), anti-
S6K (1:1000, Cell Signaling #2708), anti-S6 (1:1000, Cell Signaling
#2217), anti-pelF4B (1:1000, Cell Signaling #3591), anti-elF4B (1:1000,
CST #13088), anti-Puromycin (1:1000, Millipore #3591), anti-Vinculin
(1:10,000, Millipore #V9131), anti-meL309 PP2AC (1:500, Millipore
MABE1809-25UL), anti-PP2AC (1:1000, Cell Signaling #2038), anti-
LCMT1 6D9-G3 (1:200, Gift from Ogris Lab and Narla Lab), anti-PP2A A
subunit (1:1000, Cell Signaling # 2041 T), anti-B56alpha (1:500, Santa-
cruz #sc-271151), anti-PARP (1:1000, Cell Signaling #9542), anti-pERK1/
2 (1:1000, Cell Signaling #9101), anti-ERK1/2 (1:1000, Cell Signaling
#4695), anti-pAKT (1:1000, Cell Signaling #13038), anti-AKT (1:1000,
Cell Signaling #9272), anti-pmTOR S2481 (1:1000, Cell Signaling
#2974), anti-pmTOR S2448 (1:1000, Cell Signaling #5536), anti-mTOR
(1:1000, Cell Signaling #2972), anti-Beta-catenin (1:500, BD Biosciences
#610154), anti-pP90 S380 (1:1000, Cell Signaling #11989), anti-pP90
T573 (1:1000, Cell Signaling #8743), anti-P90 (1:1000, Cell Signaling
#9355), anti-p4E-BP1 (1:1000, Cell Signaling #2855), anti-4E-BP1
(1:1000, Cell Signaling #9644), anti-pEIF2K (1:1000, Cell Signaling
#3691) and anti-EIF2K (1:1000, Cell Signaling #3692). Western blots
shown in the manuscript are representative experiments of two indi-
vidual replicates or three individual replicates for puromycin uptake
assays. Western blots were quantified using ImageJ software (National
Institutes of Health, USA). Densitometric analysis was performed to
measure band intensities, and values were normalized as follows:
puromycin incorporation blots and total protein levels were normal-
ized to loading controls VINCULIN or ACTIN, while phospho-proteins
or methylated proteins were normalized to their respective total pro-
tein levels. Where relative levels are reported, the values were further
normalized to the control condition.

Expression analysis of HMGA?2 in various published datasets

Expression of HMGA2 was quantified using a cohort of resectable
(n=177) and metastatic (n=253) patients from Chan-Seng-Yue et al.,
2020 and Perera et al., 2022°"**. RNA-seq was performed on frozen
laser capture microdissected tumors on the Illumina platform. Reads
were aligned using STAR (v.2.7.4a) to human reference genome (hg38;
Ensemble v100). Gene expression was calculated in transcripts per
million reads mapped using stringtie (v2.0.6). Tumor molecular sub-
type (Moffitt and Collisson) was inferred using a single sample classi-
fier based on the initial genes published by Moffitt et al., 2015 and
Collisson et al., 2011°*%. Expression of HMGA2 was also evaluated at
single-cell resolution in a cohort of metastatic (n=21) PDAC patient
samples and a patient-derived organoid model exposed to TGF-S from
Raghavan et al., 2021%. For the human PDAC organoid experiment,
cells were cultured in reduced organoid media (Advanced DMEM/F12,
10 mM HEPES, 1x GlutaMAX, 50 ng/mL mEGF, 100 ng/mL hFGFI10,
10nM hGastrin 1, 1.25mMN-acetylcysteine, 10 mM Nicotinamide,
1x B27 supplement, 100 U/mL penicillin/streptomycin, and 1 x Primo-
cin) and exposed to TGF-B1 for different durations (38 or 73 days)
before harvesting®. As previously described®, single-cell suspensions
from tumor or organoid samples were processed following the Seq-
Well protocol’®”’, sequenced on the lllumina platform, and reads were
aligned to the human reference genome (hgl9). Each sample’s digital
gene expression matrix (DGE, cells x genes) was trimmed for low
quality cells, doublets, and genes that were not detected in at least 50

cells. UMI count data was divided by total transcripts captured on a per
cell basis and multiplied by a scaling factor of 10,000 to normalize
values, followed by natural log transformation for downstream analy-
sis. Expression scores were computed as previously described®*”® for
basal and classical PDAC molecular subtypes using genes published by
Moffitt et al., 2015%. KRTS and KRT81 expression was not captured in
the patient-derived organoid model.

Polysome fractionations

KP4 cells were cultured and transfected with either non-targeting or
HMGA2-targeting siRNA as described in Supplementary Materials and
Methods. Cells were harvested by trypsinization, collected in media
and centrifuged. The resulting cell pellets were resuspended in 1 mL of
a 0.10 mg/mL stock of cycloheximide in PBS. The cell suspension was
incubated on ice for 10 min, centrifuged, and the resulting pellet was
snap frozen in liquid nitrogen before storage at —80 °C. Frozen cell
pellets were lysed in 150 pL polysome lysis buffer (10 mM Tris-HCI pH
7.4 [Ambion, AM9851 (pH 7.0) and AM9856 (pH 8.0)], 132 mM NaCl
(Ambion, AM9760G), 1.4 mM MgCI2 (Ambion, AM9530G), 19 mM DTT
(Sigma, 43815), 142 pg/mL cycloheximide (Sigma, C7698), 0.1% Triton
X-100 (Fisher, BP151), 0.2% NP-40 (Pierce, PI28324), 607 U/mL
SUPERase-In RNase Inhibitor (Life Technologies, AM2696) for 45 min
on ice, and vortexed every 10 min. Lysates were centrifuged at
9300 x g for 5min at 4 °C to pellet cell debris, and the supernatants
were transferred into fresh tubes. A portion of each lysate (15 pL) was
reserved as the total RNA input sample and the remaining volume was
layered onto 10-30% (w/v) linear sucrose gradients for ribosome
fractionation (gradients prepared in Seton 7030 ultracentrifuge
tubes). The gradients were centrifuged at 287,472.3 x gfor3hat 4 °Cin
a Beckman SW4ITi rotor. Fractions (400 pL each) were collected by
upward displacement into collection tubes (Gilson Fraction Collector)
through a Bio-Rad EM1 UV monitor (Bio-Rad) for continuous mea-
surement of the absorbance at 254 nm using a Biocomp Gradient
Station (Biocomp).

Real-Time RT-PCR Analysis

Total RNA was extracted using RNeasy Mini Kit (Qiagen, #74106) as
described by the manufacturer. For cDNA synthesis, 1 ug of total RNA
was reverse-transcribed using the QuantiTect Reverse Transcription
Kit (Qiagen, #205313). Real-time PCR was run in duplicates using
iTaq(tm) Universal SYBR(R) Green Supermix (Biorad), following the
manufacturer’s instructions, with the exception that the final volume
was 12.5ul of SYBR green reaction mix. Real-time monitoring of PCR
amplification was performed using the CFX384 Real-Time system
(Biorad). Data were expressed as mRNA levels normalized to the ACTB
expression level in each sample and are represented as mean * s.e.m.
between three independent experiments unless otherwise indicated in
the figure legend. The primer sequences are listed in Table S3. Small
RNAs were extracted using miRNeasy Kit (Fisher, # 217004). Quanti-
tative TagMan microRNA assays were performed according to the
manufacturer’s instructions, using primers and probes that specifically
detect mature Mirlet7d (ThermoFisher Scientific #4427975 ID
002283), Mirlet7a (ThermoFisher Scientific #4427975 ID 000377),
Mirlet7f (ThermoFisher Scientific #4427975 ID 000382) and U6 con-
trol (ThermoFisher Scientific #4427975 ID 001973).

Cell line xenografts

All mouse procedures were conducted in accordance with the Fred
Hutchinson Cancer Center IACUC guidelines. Xenografts were per-
formed in 6-8 week-old NSG mice of both sexes. Typically, 0.5-2 x 10°
cells in 200 pL suspension of 50% Matrigel (Corning) in DPBS were
injected into each flank of the mouse. Caliper measurements of tumors
were recorded three times per week. For orthotopic injections, a small
left-flank incision was made to expose the pancreas. Typically, 0.5
x10° of engineered Capan-2 cells or 0.1 x10° of human organoids in
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30 plL suspension of 50% Matrigel (Corning) in DPBS were injected into
the pancreas. Mice were euthanized if they met one or more pre-
defined criteria, including tumor ulceration or necrosis, tumor bleed-
ing or infection, impaired mobility, inability to access food or water, or
significant interference with vital physiological functions (e.g.,
respiration, swallowing, or excretion). For cell line xenografts, tumor
burden was closely monitored, with euthanasia required if tumors
exceeded the maximal size permitted by institutional guidelines.
Tumor size limitations depended on position, overall animal health,
and the ability to move, eat, and drink normally. The maximum per-
mitted tumor size was: 2 cm average diameter (unilateral) or 1.5cm
average diameter (bilateral) per tumor. For HMGA2-overexpressing
xenografts, mice were fed with 200 pug/ml doxycycline in their drinking
water a week prior before implantation.

Patient-derived xenografts

PDX models were acquired from the NCI PDMR (292921-168-R) and JAX
PDX models (TMO01212). Vials of cryopreserved PDX tissue fragments
were revived and subsequently repassaged as fresh whole tissue into
female NSG (NOD scid gamma) mice. Freshly harvested tissue was then
used for implantation of study cohorts of female nude mice (#002019,
JAX). Every PDX model tested negative for human pathogens (IDEXX
h-IMPACT panel). An aseptic standardized procedure was used uni-
formly: ~1-2 mm?® PDX tissue chunks (37 °C) were rinsed in RPMI, sus-
pended in Matrigel (Corning), and implanted subcutaneously into the
right flanks of 6-8 week-old nude female mice under isoflurane anes-
thesia. Preemptive analgesia was provided using buprenorphine SR
(0.05 mg/kg). Post-surgically, tumor growth and body condition were
monitored, and tumors were measured with electronic calipers. When
average tumor diameters of 3-5 mm?® were reached, mice were treated
twice daily by oral gavage with vehicle or HHT (0.5 mg/kg; FH15974,
Bioosynth) diluted in DPBS for 21 days. Caliper measurements of
tumors and body weights were recorded three times per week. For
survival studies, mice with severe weight loss or average tumor dia-
meters of 20 mm were used as endpoint.

Proliferation IC50 Assay

Cells were plated in 96-well plates (1000 cells/well) in culture medium.
The following day, increasing doses of either HHT or DMSO control
(59015; Selleckchem) were added, and the cells were allowed to grow
until DMSO-treated wells reached confluency (5-7 days). To quantify
viable cells, MTT (M-6494; ThermoFisher Scientific) was added to the
culture media at a final concentration of 1 mg/mL and incubated for 3 h
at 37 °C. Formazan crystals were solubilized with 100 pL/well of DMSO
and absorbance was read at 490 nm and normalized to DMSO control.
MTT proliferation assays were performed in five replicates. Individual
IC50s were calculated using GraphPad Prism. The relative IC50 was
determined by dividing the individual IC50s by the average IC50 of
empty control.

Histology

Murine pancreata were harvested, fixed for 2 days in 10% buffered
formaldehyde, then paraffin embedded and sectioned (5 um thickness)
by the Fred Hutchinson Cancer Center Experimental Histopathology
Core. Hematoxylin and eosin staining was performed using standard
methods. For quantification of PanINs, total percentage of PDA/high-
grade PanINs, low-grade PanINs, and normal ducts were quantified
per section in a blinded fashion by pathologist (A.N.S.). A.N.S. also took
representative images of 5, 10, 15, and 30-week-old, endpoint, and
doxycycline withdrawal K28C and KC pancreata. Primary antibodies
used were as follows: anti-FLAG (Sigma #F1804) 1:1000, anti-Lin28B
(LS Bio, #LS-B3423) 1:400, anti-HMGA2 (CST #5269) 1:100, anti-p53
(Vector VP-P956) 1:400, anti-GATA6 (CST #5851S) 1:100, and anti-
phospho-S6K (Abcam # ab2571) 1:100 for human tissues. Stained slides
were photographed with a Nikon Eclipse Ni-U microscope.

Immunohistochemistry was scored semi quantitatively, in a blinded
fashion (N.Y.). HMGA2 was scored on a O (no staining) to 3 (strongest
intensity) scale in tumor epithelial cells. pS6K T389 and HMGA2 were
scored as percentage intensity of tumor epithelial cells at three ran-
domly selected locations per sample.

Immunofluorescence

FFPE tissue slices were stained by immunofluorescence as pre-
viously described”, with some modifications. Antigen retrieval
was performed with 10 mM trisodium citrate dihydrate buffer pH
6.0 and samples were boiled at 95°C for 20 min. Blocking was
performed with 5% normal goat serum and 1% BSA in permeabi-
lization solution (PBS 1x/gelatin (0.2% w/v)/Triton (0.25% v/v).
Primary antibodies (KRT5, Abcam #ab52635; KRT17, Thermo
Fisher #MA1-06325 and KRT81, SantaCruz #sc-100929) were
diluted 1:100 in blocking buffer and samples probed overnight.
Secondary antibodies (anti-rabbit 488 (Fisher PISA510038), anti-
mouse 555 (Fisher NBP151898)) were used at 1:400, and slides
were mounted with mounting media containing DAPI (Vecta-
shield, Vector Laboratories). Pancreatic islets stain strongly
positive for KRT5 and were excluded from analyses. KRT5, KRT17
and KRT81 were scored as percentage intensity of tumor epithe-
lial cells at three randomly selected locations per sample.

Multiplex immunohistochemistry

5um sections of primary tumor were sectioned onto positively
charged slides and baked for 1 h at 65°C. Slides were then dewaxed and
stained on a Leica BOND RX stainer (Leica, Buffalo Grove, IL) using
Leica BOND reagents for dewaxing (Dewax Solution), antigen retrieval
and antibody stripping (Epitope Retrieval Solution 2) and rinsing
(Bond Wash Solution). Antigen retrieval and antibody stripping was
performed at 100 °C, while all other steps were performed at room
temperature. Endogenous peroxidase was blocked with 3% H,0, for
5min, followed by protein blocking with TCT buffer (0.05M Tris,
0.15 M NaCl, 0.25% Casein, 0.1% Tween, 0.05% ProClin300, pH 7.6) for
10 min. First primary antibody (FAP, ab53066, Abcam) was applied for
1h, followed by the first secondary antibody for 20 min, then the ter-
tiary TSA-amplification reagent (Akoya Biosciences OPAL fluor-
ophores) for 20 min. A high-stringency wash was performed using
high-salt TBST solution (0.05M Tris, 0.3 M NaCl, 0.1% Tween-20, pH
7.2-7.6). Host-specific polymer HRP was used for all secondary appli-
cations, either 1X Opal Anti-Ms+Rb HRP (Akoya Biosciences, Cat
#ARHI1001EA) or PowerVision Poly-HRP anti-mouse IgG (Leica Biosys-
tems, Cat #PV6114). Primary and secondary antibodies were stripped
with retrieval solution for 20 min. The process was then repeated with
the second position primary (HMGA2, 5269, Cell Signaling Technol-
ogy) and secondary antibodies from the 3% H,0, step. The process was
continued until all six markers were probed (Third position: KRT17
(EP1623, Abcam), fifth position: KRT5 (XM26, Leica)). For the sixth
position (GATA-6 (D61E4, Cell Signaling Technology), following sec-
ondary antibody incubation, Opal TSA-DIG (PerkinElmer Cat #
NEL748001KT) was applied for 20 min, followed by a 20 min stripping
step in retrieval solution. After this final stripping step, Opal 780 fluor
was applied for one hour. High-stringency washes were performed
after the secondary, TSA-DIG, and Opal 780 incubation steps. Slides
were removed from the autostainer and stained with 5pg/mL DAPI
(Sigma, Cat #D8417), rinsed, and coverslipped with Prolong Gold
Antifade reagent (Invitrogen/Life Technologies, Cat #P36930). Slides
were cured at room temperature.

Statistics and Reproducibility

Statistical significance was determined by specific tests and is pre-
sented as means + SEM as indicated in the figure legends. Statistical
analyses were performed using GraphPad Prism v10.4.0. Student’s
two-tailed or one-tailed ¢ test was used when comparing data from two
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groups: *P < 0.05; **P < 0.01, **P < 0.001, and ***P < 0.0001. A log-
rank test was used to determine significance for Kaplan-Meier analyses.
For RNA-seq data, a Wilcoxon Rank sum test or Kruskal-Wallis test was
applied. In Supplementary Fig. le, P values were determined using
Fisher’s exact test. Western blots presented are representative. For
blots containing multiple cell lines, experiments were repeated twice,
while blots with one or two cell lines were repeated three times. Pur-
omycin uptake assays were repeated three times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Newly generated cell lines and organoids can be provided upon
request. The data generated in this study are provided in the Supple-
mentary Information/Source Data file. Source data are provided with
this paper.
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