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LIN28B-mediated PI3K/AKT pathway activation
promotes metastasis in colorectal cancer models
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Colorectal cancer (CRC) remains a leading cause of cancer death because of metastatic spread. LIN28B is overexpressed

in 30% of CRCs and promotes metastasis, yet its mechanisms remain unclear. In this study, we genetically modified CRC

cell lines to overexpress LIN28B, resulting in enhanced PI3K/AKT pathway activation and liver metastasis in mice. We
developed genetically modified mouse models with constitutively active Pik3ca that form intestinal tumors progressing to
liver metastases with an intact immune system, addressing the limitations of previous Pik3ca-mutant models, including long
tumor latency, mixed histology, and lack of distant metastases. The PI3Ka-specific inhibitor alpelisib reduced migration and
invasion in vitro and metastasis in vivo. We present a comprehensive analysis of vertical inhibition of the PI3K/AKT pathway
in CRC using the FDA-approved drugs alpelisib and capivasertib (an AKT inhibitor) in combination with LY2584702 (a ribosomal
protein S6 kinase inhibitor) in CRC cell lines and mouse- and patient-derived organoids. Tissue microarrays from patients with
CRC verified that LIN28B and PI3K/AKT pathway activation correlate with CRC progression. These findings highlight the critical
role of the LIN28B-mediated PI3K/AKT pathway in CRC metastasis, the therapeutic potential of targeted inhibition, and the

Introduction
Colorectal cancer (CRC) remains a substantial public health con-
cern in the United States and worldwide. With 1.9 million new cases
globally in 2022 and an estimated 150,000 new cases in the United
States in 2024, CRC is the third most common cancer in the world
(1). Localized CRC benefits from effective therapies and has a 5-year
survival rate of up to 91%. However, metastatic CRC (mCRC) has a
dismal prognosis, with a 5-year survival rate of 13% (2). Thus, there is
a compelling rationale to unravel the molecular mechanisms underly-
ing mCRC to foster the integration of translational therapeutics.
Classically, CRC has served as a model for understanding the
cooperation of oncogenic mutations (e.g., KRAS, BRAF, PIK3CA, and
LIN28B) and the inactivation of tumor suppressor genes (e.g., APC,
TP53, and SMAD4) in fostering primary tumorigenesis (3). Among
these, the role of LIN28B has garnered attention as an RNA-bind-
ing protein influencing gene regulation and cancer progression. The
LIN28 proteins (LIN28A and LIN28B) regulate gene expression
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promise of patient-derived organoids in precision medicine in metastatic CRC.

by binding to mRNA posttranscriptionally. The tumor-suppressing
microRNA /et-7 is the most well-characterized target of LIN28, but we
and others have demonstrated both /er-7-dependent and —independent
regulation of LIN28 (4-10). While both LIN28A and LIN28B paral-
ogs are critical to various human developmental processes, LIN28B
has emerged as a potent oncogene across several cancers (11). LIN28B
is overexpressed in esophageal, breast, and prostate cancers and is
often an indicator of advanced disease state and poor prognosis (4,
11-13). In CRC, LIN28B is overexpressed in 30% of cases and is asso-
ciated with poor survival rates and an increased probability of tumor
recurrence (12). Additionally, LIN28B overexpression promotes CRC
initiation, progression, and metastasis (4, 5, 12, 14). Despite LIN28B’s
clear role in inducing tumorigenesis and metastasis, the exact mecha-
nisms through which it exerts these effects remain elusive.

The phosphatidylinositol-3-kinase (PI3K) family of enzymes
mediate signals downstream of cell membrane receptors, such as
receptor tyrosine kinases (e.g., epidermal growth factor receptor
[EGFR] and insulin receptors) and G protein—coupled receptors
(15). Class I PI3Ks consist of one catalytic subunit with 4 isoforms
(p110a, p110B, p110y, and p1108) that most commonly associate
with the p85 regulatory subunit. The resulting heterodimers are
termed PI3Ko, PI3KB, PI3Ky, or PI3KS, after their respective
catalytic subunit (16). Activation of PI3K facilitates downstream
signaling primarily through protein kinase B (PKB, or AKT) (15).
AKT then activates downstream targets to regulate cell survival,
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Figure 1. LIN28B expression in CRC cells activates the PI3K/AKT pathway and promotes liver metastasis. (A) Western blot of LIN28B protein
levels in LoVo and DLD-1 CRC cell lines with either EV or LIN28B overexpression vector (LIN28B"), normalized to GAPDH and LoVo EV (1-way ANO-
VA, mean + SEM). (B) Experimental setup for in vivo colorectal liver metastasis assay. (C) Representative HGE and GFP images of liver sections
from mice injected with CRC cells. Scale bars: 5 mm; scale bars for insets: 1 mm. (D) Proportion of mice that developed liver metastases (y? test).
(E) Quantification of the size of liver metastases in each group (1-way ANOVA, mean + SEM). (F) GSEA showing hallmark pathways enriched in
LoVo LIN28B" cells compared with EV cells (n = 3). (G) Western blot analysis of p-AKT (Ser473) and t-AKT in CRC cells (2-tailed Student’s unpaired
t test, mean + SEM). (H) Quantification of phosphorylated protein targets involved in the PI3K/AKT pathway in LIN28B" cells relative to EV cells
as measured by AKT pathway phosphorylation array (2-tailed Student’s unpaired t test between EV and LIN28B" for each protein, mean + SEM).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Genetic activation of the PI3K/AKT pathway enhances organoid
growth ex vivo and induces colonic crypt hyperplasia in vivo. (A) Sche-
matic representation of the genetic cross to generate Vil*® R267%% mice on
a C57BL/6) background. (B) Representative bright-field and GFP images of
colonic organoids derived from R26W7WT, R26P13/WT and R26Pca/Fiksca mice
cultured for 5 days. Scale bars: 500 um (n = 3). (C) Immunoblot quanti-
fication of p-AKT (Ser473) levels relative to GAPDH in colonic organoids
derived from R26%7/WT, R26P3=/WT and R26Pk<a/Fise mice, normalized to
R26YTWT (n = 3; 1-way ANOVA, mean = SEM). (D) Quantification of growth
of colonic organoids from R26W"/WT, R26Pk3a/WT and R26Pik@/Pisce mice,
showing percentage increase in initial area (n = 3 and 4; 2-way ANOVA,
mean + SEM). (E) Quantification of the number of colonic organoids per
well on day 3 of culture (1-way ANOVA, mean + SEM). (F) Representative
immunofluorescence and IHC images of colonic tissues from R26W"/"T,
R26P#3@/WT and R26PI/Pikca mice, showing Pik3ca-GFP, p-AKT (Ser473),
Ki67, and H&E staining. Scale bars: 100 um. (G) Quantification of p-AKT-
stained area per section, Ki67-positive cells per crypt, and crypt length in
colonic tissues from R26W7WT, R26P#3/WT and R26P5ce/Pidca mice. Crypt
length was measured every 100 um along the length of the colon (1-way
ANOVA, mean + SEM). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

proliferation, differentiation, and metabolism (17, 18). Hyperacti-
vation of class I PI3Ks promotes aberrant cell growth and malig-
nant transformation (15, 19). Additionally, PI3K activation has
been suggested to promote metastasis, likely as a result of its role in
epithelial-mesenchymal transition and angiogenesis (20-23).

In CRC, PI3K pathway mutations occur in approximately
50%-70% of cases, with alterations in the PIK3CA gene present in
15%-20% of CRC cases, making PIK3CA one of the most com-
monly mutated genes in CRC (24-26). These mutations are typi-
cally associated with poor clinical outcomes and reduced efficacy
of anti-EGFR monoclonal antibody therapies (27-30). Despite the
prevalence of PIK3CA mutations, there are currently no US Food
and Drug Administration—approved (FDA-approved) therapies tar-
geting PIK3CA-mutant mCRC. Furthermore, PI3K inhibitors have
shown low response rates as monotherapy in patients with PIK-
3CA-mutant and widely mCRC (31, 32), underscoring the need for
more effective combination therapeutic strategies. Vertical inhibi-
tion of the PI3K pathway at multiple points (upstream and down-
stream) using FDA-approved drugs is a promising approach, anal-
ogous to the successful BRAF/MEK inhibition in BRAF-mutant
cancers (33). The recent development of PI3Ka-specific inhibitors,
which are less toxic and more specific, enhances the feasibility and
effectiveness of combination therapies (34, 35).

Currently, the primary therapeutic regimen for mCRC includes
systemic chemotherapy and targeted therapies that focus on path-
ways such as EGFR, angiogenesis, and multi-kinase inhibitors.
While effective, these traditional chemotherapeutic drugs are
DNA-damaging agents and thus affect all rapidly dividing cells,
leading to toxicity and limiting their duration. Existing target-
ed therapies, although more specific, also face challenges such as
resistance, toxicity, and limited efficacy in some patients. Given the
lethality of mCRGC, it is crucial to investigate the mechanisms of
metastasis and develop targeted therapies (36).

In this study, we demonstrate that LIN28B expression in CRC
cells activates the PI3K/AKT pathway and promotes metastasis to
the liver. We developed genetically engineered mouse models with
mutant Pik3ca that form primary intestinal tumors within 3 months,
with a subset progressing to liver metastasis, overcoming the limita-
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tions of previous models (35, 36). Additionally, we provide a com-
prehensive analysis of vertical inhibition of PI3Ka, AKT, and ribo-
somal protein S6 kinase (S6K) using FDA-approved drugs, including
alpelisib and capivasertib, in combination with LY2584702, in CRC
cell lines and 3D patient-derived organoids (PDOs). Treatment
with these inhibitors effectively reduced cell proliferation, migra-
tion, and invasion in 2D cell lines, organoid growth in 3D organ-
oids, and liver metastasis formation in vivo. Furthermore, our study
demonstrates that PDOs can advance precision medicine in mCRC,
as drug responses were dependent on mutational profiles obtained
from clinical testing conducted on tumor tissues and whole-exome
sequencing (WES) of PDOs. Our findings underscore the critical
role of the PI3K/AKT pathway in CRC metastasis and highlight the
therapeutic potential of targeting this pathway to manage mCRC.

Results

LIN28B expression in CRC cells activates the PI3K/AKT pathway and
promotes liver metastasis. To determine whether LIN28B expression
in CRC cells leads to metastasis formation, we generated CRC
cells with genetic modification of LIN28B expression as described
previously (5, 14). Endogenous LIN28B levels are low in human
LoVo and DLD-1 CRC cell lines, which correspondingly exhibit
minimal metastatic propensity when injected into the portal vein of
immune-compromised mice. Thus, we generated LoVo and DLD-
1 cells with LIN28B expression and GFP fluorescence (LIN28B"),
The increase in LIN28B protein levels was verified via immunoblot-
ting (Figure 1A). These LIN28B" CRC cells were then injected into
the portal vein of 6- to 8-week-old Taconic NCr nude mice (CrTac
NCr-FoxnI™), and liver tissues were harvested 6 weeks after injection
(Figure 1B). As anticipated, injection of parental LoVo and DLD-1
cells containing empty vectors (EV) resulted in minimal metastatic
formation in the liver, with metastases forming in 1 of 7 mice (14%)
for LoVo cells and none in DLD-1 cells (0 of 7 mice). Conversely,
injections of LoVo LIN28B" and DLD-1 LIN28B" cells led to sig-
nificantly higher rates of liver metastasis, with metastases occurring
in 6 of 10 (60%) and 8 of 10 (80%) mice, respectively (Figure 1,
C-E). We verified that the increased metastatic propensity of LIN-
28B" cells was not attributable to increased growth or prolonged
survival of the 2D cell lines (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI186035DS1). These results reveal that LIN28B expression in
CRC cells enhances their metastatic potential.

To elucidate the downstream signaling pathways activated by
LIN28B, we conducted RNA sequencing (RNA-Seq) of LIN28B"
cells compared with EV cells. Subsequent gene set enrichment
analysis (GSEA) revealed that MTORC1 signaling and PI3K AKT
MTOR signaling hallmark pathways were upregulated in LIN28B"
cells (Figure 1F). This was verified by Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of upregulated genes in LIN28B"
LoVo and DLD-1 cells compared with their respective EV con-
trol cells. By overlapping of the upregulated genes between the 2
cell lines, 2,061 common genes were identified and analyzed using
KEGG. The colorectal cancer pathway was among the significant
hits, which included genes involved in the PI3K/AKT pathway (Sup-
plemental Figure 1B). WES further revealed an increased number of
mutations in genes within the PI3K/AKT pathway in LIN28B" cells
when compared with EV cells (Supplemental Figure 1C).

J Clin Invest. 2025;135(8):e186035 https://doi.org/10.1172/)C1186035
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Figure 3. Genetic activation of the PI3K/AKT pathway promotes tumor-
igenesis, tumor invasiveness, and liver metastasis in a mouse model of
CRC. (A) Kaplan-Meier survival curves of Vil® and Vil®R™ mice with either
R26WTIWT R2GPi3a/WT oy R2GPI/Pil3ca ganotype (n = 7, 4, and 25 for Vil

n =5, 4, and 11 for VilRT; |og-rank test). (B) Representative HGE images
of the colon and Sl tissues from mice with R26F*/Fikica ganotype. Dashed
lines outline the tumors. Scale bars: 100 um. (C) Proportion of mice with
noninvasive adenomas and invasive adenocarcinomas in the colon and S|
from Vil and Vil*tR™? mice with either R26WT/WT or R26Piwe/Pikica gang-

type (Fisher's exact test). (D) Representative HGE, CDX2, and Alcian blue
staining of a liver metastasis from a 28-week-old Vil‘® R26P*3@/Pk3w mouse.
Scale bars: 1 mm; scale bars for insets: 100 um. (E) Kaplan-Meier survival
curves of Vil and VilcER™ mice treated with AOM and tamoxifen (n = 8-14
for Vile, n = 10-12 for VilRT; |og-rank test). (F and G) Representative HGE
images of colon, SI, and liver tissues from Vil® (F) and Vil“R™? (G) mice
treated with AOM. Dashed lines outline the tumors. Scale bars: 100 um. (H)
Proportion of mice with noninvasive adenomas and invasive adenocarcino-
mas in the colon and SI, and liver metastases from mice treated with AOM
(3? test between R26"T"T and either R26P3«@/WT oy R26Pi/Pikca ganotype).
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

To confirm the RNA-Seq results, we performed immunoblot-
ting to detect phosphorylated AKT (p-AKT) (Ser473) levels, a key
effector of PI3K/AKT pathway activation. Consistent with our
sequencing data, LIN28B! cells exhibited increased p-AKT levels
compared with EV controls, with no changes in total AKT (t-AKT)
(Figure 1G). A comprehensive analysis using a PI3K/AKT path-
way phosphorylation array showed that LIN28B" cells harbored
elevated phosphorylation of several critical proteins within the
pathway, including AKT, Bcl-2—-associated death promoter (BAD),
extracellular signal-regulated kinase 1 and 2 (ERK1/2), glycogen
synthase kinase 3-a (GSK3a), p27, p53, S6K, proline-rich Akt
substrate of 40 kDa (PRAS40), RAF1, and ribosomal S6 kinase
2 (RSK2) (Figure 1H). Taken together, these data suggest that
LIN28B expression in CRC cells activates the PI3K/AKT pathway
with concurrent promotion of liver metastasis.

Activation of the PI3K/AKT pathway induces colonic crypt hyperpla-
sia and drives CRC tumorigenesis and metastasis. To validate our hypoth-
esis that the PI3K/AKT pathway acts downstream of LIN28B, we
aimed to replicate the metastatic propensity of LIN28B" cells by
activating the PI3K/AKT pathway pharmacologically using SC79,
a pan-AKT activator. Increasing the concentration of SC79 to 20
uM or higher compromised cell viability in DLD-1 cells, thereby
preventing the collection of high-quality proteins for further analy-
sis (Supplemental Figure 2A). This increased sensitivity in DLD-1
cells, which may be attributed to existing PIK3CA mutations (unlike
in PIK3CA-wild-type LoVo cells), guided our decision to use 5 uM
SC79 for subsequent assays. Immunoblotting verified that 5 uM
SC79 increased p-AKT and phosphorylated ribosomal protein
S6 (p-RPS6; downstream of S6K) levels in both LoVo and DLD-
1 EV cells (Supplemental Figure 2B). Treatment with 5 uM SC79
increased cell migration as observed in the wound healing (scratch)
assay (Supplemental Figure 2C) and enhanced invasion capabilities
as measured by the QCM ECMatrix Cell Invasion Assay (EMD
Millipore), evaluating the ability of tumor cells to invade through
an extracellular matrix (ECM) model (Supplemental Figure 2D).

We next aimed to independently corroborate the metastatic pro-
pensity of LIN28B! cells by genetically activating the PI3K/AKT
pathway. To achieve this, we generated a Villin® Rosa26"« (Vil*
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R26%) mouse model on a C57BL/6J background. This genetic
configuration allows for the induced expression of a constitutive-
ly active mouse catalytic p110a subunit of PI3Ka and eGFP in all
intestinal and colonic epithelial cells, starting at embryonic day 12.5
(Figure 2A) (37, 38). Colonic crypts were isolated from these mice
to culture 3D colonic organoids. Analysis included 3 genotypes:
wild-type (R26"7/"'T), heterozygous mutant (R267*/#T), and homo-
zygous mutant (R267*5«/Fika) with all groups being hemizygous for
Vil°c. The mutant organoids were verified as GFP positive (Figure
2B) and exhibited increased p-AKT levels (Figure 2C). Homozy-
gous mutant organoids demonstrated an increased growth rate (Fig-
ure 2D), and both heterozygous and homozygous mutant organoids
showed enhanced organoid formation efficiency, as determined by
quantification of the number of organoids formed from an equiva-
lent number of plated crypts on day 3 (Figure 2, B and E). In vivo
analyses of the distal to proximal end of the colon showed both
GFP expression and elevated p-AKT levels in the colonic epithe-
lium of heterozygous and homozygous mutant mice (Figure 2, F
and G, and Supplemental Figure 2E). Interestingly, these groups
also exhibited an increased number of cells expressing the marker
of proliferation (Ki67) and heightened crypt hyperplasia, marked
by increased crypt lengths measured along the distal to proximal
colon, indicative of augmented proliferation (Figure 2, F and G, and
Supplemental Figure 2E).

Longitudinal studies revealed that while Vil R26""'"T mice
remained healthy at 60 weeks of age, Vil R265*«/"T mice suc-
cumbed to tumors between 31 and 43 weeks of age, and Vil
R26F*5ea/Fikea mijce succumbed to tumors between 16 and 38 weeks
of age (Figure 3A). We first verified that the mice were not dying
due to altered glucose metabolism, considering that the activation
of the PI3K/AKT pathway promotes glucose uptake in cells (39).
A glucose tolerance test revealed no significant difference between
Vil R26"T/WT and Vil R26P*5/F*« mice (Supplemental Figure
3A). Vil R26"*«a/Pk3a mice exhibited a spectrum of neoplastic
lesions. In the colon, well-differentiated adenomas confined to the
mucosa were observed in 2 of 9 mice (22%), and moderately dif-
ferentiated cancers that penetrated the basement membrane were
observed in 1 of 9 mice (11%) (Figure 3, B-D, and Supplemental
Figure 3B). In the small intestine (SI), tumors were present in 7 of
9 mice (78%), with well-differentiated adenomas in 1 mouse (11%)
and moderately differentiated adenocarcinomas in 6 of 9 mice
(67%) (Figure 3, B-D, and Supplemental Figure 3B). Additionally,
liver metastases were verified in 2 of 9 mice (22%) that also had
intestinal adenocarcinomas, as shown by staining with CDX2 (a
marker of intestinal epithelial cells) and Alcian blue (which high-
lights mucin production) (Figure 3D) (14, 40). This observation
was verified in Vi[@<ERT R2@Fk3a/Fkie mice treated with tamoxifen
at 6 weeks of age, which is an inducible model for temporal reg-
ulation of mutant Pik3ca expression (41). Two of five mice (40%)
developed moderately differentiated colonic cancers, 3 of 5 mice
(60%) developed moderately differentiated SI cancers, and 1 of 5
mice (20%) developed a well-differentiated SI adenoma. However,
these mice did not have liver metastases by 21-40 weeks of age
(Figure 3, A-C, and Supplemental Figure 3B).

To further explore the effects of PI3Ka activation on colorec-
tal metastasis, we used a well-established carcinogen-induced spo-
radic mouse model of CRC. Injections of 10 mg/kg azoxymeth-
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Figure 4. Alpelisib impairs LIN28B-induced cell migration and invasion
and inhibits PI3Ko-induced organoid growth. (A) Western blot analysis
of p-AKT (Ser473) and t-AKT in CRC cells (1-way ANOVA, mean + SEM). (B)
Colony formation assay of LIN28B" CRC cells treated with 5 uM alpelisib.
Scale bars: 500 um (1-way ANOVA, mean + SEM). (C) Wound healing assay
showing cell migration of CRC cells treated with 5 uM alpelisib at 0 hours.
Scale bars: 500 pum (1 = 4; 2-way ANOVA, mean + SEM). (D) Transwell ECM
invasion assay of CRC cells treated with 5 or 10 uM alpelisib. Scale bars: 1
mm (1-way ANOVA, mean + SEM). (E) Representative bright-field images
of colonic organoids derived from Vil mice treated with 5 uM alpelisib
every 2 days for 5 days. Scale bars: 500 um. (F) Western blot analysis of
LIN28B, p-AKT (Ser473), and t-AKT in colonic organoids derived from Vil
mice treated with 5 uM alpelisib (2-tailed Student’s unpaired t test within
each group, mean + SEM). (G) Quantification of growth of colonic organ-
oids derived from Vil*® mice treated with 5 uM alpelisib (n = 3-5; 2-way
ANOVA, mean + SEM; significance for day 5 is shown with asterisks; the
asterisk above the data point signifies significance when compared with
the R26"""T control group). *P < 0.05, **P < 0.01, ***P < 0.001.

ane (AOM) every week for 6 weeks have been reported to lead
to well-differentiated colonic adenomas that remain confined to
the basement membrane in wild-type C57BL/6J mice, with min-
imal effects on the SI or the liver (42—44). Vil R26"** mice were
injected with AOM, and tissues from R26"7""T mice were har-
vested at 30 weeks after the first injection of AOM for analysis
(Supplemental Figure 3C). R26"*5/WT and R26"*5/F*5« mice had to
be euthanized when they exhibited signs of severe illness, such as
substantial weight loss or a severely deteriorated condition (Figure
3E and Supplemental Figure 3, C and D). Administering tamoxi-
fen at 9 weeks after the first injection of AOM to Vi *ERT R26F%5«
mice enabled temporal control of mutant PI3Ka expression after
primary colonic tumor formation, allowing focused analysis of the
effects of active PI3Ka on metastatic progression (Supplemental
Figure 3C). Survival curves highlight reduced lifespans in both het-
erozygous and homozygous R267** mutant mice using either Vil
or Vil“ERT alleles (Figure 3E). Histologic assessments revealed
well-differentiated colonic adenomas in R26"7/"T mice treated
with AOM, with adenomas detected in 5 of 6 (83%) Vil and 6
of 12 (50%) Vil“ERT mice. By contrast, a subset of R26*% mutant
mice developed moderately differentiated colonic adenocarcino-
mas (Figure 3, F-H, and Supplemental Figure 3, E and F). Addi-
tionally, the majority of R26"* mutant mice developed SI ade-
nocarcinomas localized primarily in the duodenum and jejunum
(Figure 3, F-H, and Supplemental Figure 3, E and F). Remark-
ably, R26""« mutant mice developed metastases in the liver, as
observed in 4 of 27 (14.8%) Vil and 6 of 20 (30%) Vil“**RT mice
(Figure 3, F-H, and Supplemental Figure 3, E and F). We verified
that the liver metastases originated from primary intestinal tumors
by CDX2 staining (Supplemental Figure 3G). It is conceivable that
penetrance of primary tumors and liver metastasis would be great-
er if mice lived longer, especially in the case of Vil R26"* mice;
however, this was mitigated by deteriorated condition of the mice
that prompted euthanasia at the specified time points, most like-
ly due to tumor-induced obstruction. Other organs, including the
lung, pancreas, and thymus, remained unaffected, suggesting met-
astatic tropism to the liver. Collectively, our data demonstrate that
genetic activation of the PI3K/AKT pathway promotes primary
tumorigenesis and liver metastasis in our mouse models.
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Alpelisib impairs LIN28B-induced cell migration and invasion and
inhibits PI3Ko-induced organoid growth. Having established the role
of PI3Ka activation in CRC metastasis in vivo, we next assessed
the therapeutic potential of inhibiting PI3Ka to inhibit metastatic
progression. To date, such a therapeutic approach has not been
pursued for FDA approval, affording new perspectives in mCRC
(36). For this purpose, we used alpelisib, a PI3Ka-specific inhibitor
currently approved by the FDA for treating hormone receptor—
positive (HR-positive), human epidermal growth factor receptor
2-negative (HER2-negative), PIK3CA-mutated advanced or meta-
static breast cancer (45).

A viability assay revealed that cell viability began to decrease at
concentrations starting from 10 pM of alpelisib in LoVo and DLD-
1 cell lines but did not decrease at 5 pM (Supplemental Figure 4,
A and B). Immunoblot analysis showed that LIN28B" cells exhib-
ited elevated p-AKT levels compared with EV cells, and treatment
with 5 uM and 10 uM alpelisib reduced p-AKT levels in LIN28B"
cells to levels comparable to those in EV cells, indicating effective
pathway inhibition (Figure 4A). Based on this, we selected 5 pM
for subsequent experiments, as this concentration does not reduce
the viability of any of the cell lines used (Supplemental Figure 4C).
A soft agar colony formation assay, which assesses anchorage-in-
dependent growth, revealed that LIN28B" cells treated with 5 uM
alpelisib exhibited reduced colony formation, reverting to control
levels observed in EV cells (Figure 4B). A wound healing assay
revealed that treatment with 5 uM alpelisib reduced cell migration
at 36 and 48 hours after treatment in LIN28B" cells, with a notable
effect also observed in EV cells at 48 hours (Figure 4C). The QCM
ECMatrix Cell Invasion Assay showed that alpelisib had no effect
on EV cells but reduced the number of invading LIN28B" cells at
both 5 uM and 10 uM, demonstrating alpelisib’s potent anti-inva-
sion effects (Figure 4D).

‘We next tested the effects of alpelisib using colonic organoids
derived from Vil‘® R26"%« mice (Figure 4E). Organoids from all
3 genotypes (R26"7/"T, R26P*5«/WT and R26F*5«/Ft5e) were treat-
ed with 5 pM alpelisib. Immunoblotting demonstrated decreased
p-AKT (Serd73) in R26"*5«/WT and R26"*%/Fi*5e organoids, corrob-
orating the inhibitor’s efficacy (Figure 4F). Alpelisib significant-
ly reduced organoid growth in both R267%5«/WT and R26F*5a/Fiksca
organoids, with no discernible effect on R26"7/"T organoids (Figure
4G). These results indicate that alpelisib impairs LIN28B-induced
cell proliferation, migration, and invasion and inhibits PI3Ka-in-
duced organoid growth.

Alpelisib inhibits colorectal liver metastasis formation in mice. To
investigate the in vivo effects of alpelisib on CRC metastasis, we
used the mCRC portal vein injection model. LIN28B" CRC cells
were injected into the portal vein of NCr nude mice. Two weeks
after injection, mice were given oral gavage of 25 pg/g alpelisib
every 2 days for a period of 4 weeks, after which the livers were
harvested for analysis (Figure 5, A and B) (46). Mice treated with
alpelisib appeared healthier and exhibited less weight loss com-
pared with the vehicle-treated control group, suggesting improved
general health, although the difference was not statistically signif-
icant owing to variability within the vehicle-treated group (Figure
5C). No changes were observed in liver weight, indicating that
alpelisib did not adversely affect liver mass (Figure 5D). Treat-
ment with alpelisib resulted in a significant reduction of liver
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Figure 5. Alpelisib inhibits colorectal liver metastasis formation in mice.
(A) Experimental setup for investigating the effect of alpelisib on colorec-
tal liver metastasis formation. (B) Representative images of liver tissues
from mice injected with CRC cells and treated with vehicle or alpelisib.
Gross liver morphology with black arrows denoting liver metastases (top),
GFP fluorescence indicating liver metastases from LIN28B"-GFP CRC cells
(middle), and H&E staining with black arrows denoting liver metastases
(bottom) are shown. Scale bars: 5 mm. (C) Weight change of mice over
the course of the experiment, expressed as percentage of initial weight.
Dashed lines, individual mice; solid line, average of all mice in group (n =7
and 10). (D) Quantification of liver weight (1-way ANOVA, mean + SEM). (E)
Proportion of mice with liver metastases in each group () test). The data-
set for the control groups in this graph is the same as the data reported in
Figure 1D. (F) Quantification of the area of liver metastases in each group
(1-way ANOVA, mean = SEM). (G) Experimental setup in which Vi/ceeRT
R26Pk3ca/Pikice mijce were treated with AOM to induce tumor formation, fol-
lowed by tamoxifen, and subsequently treated with 25 pug/g alpelisib after
primary tumors had formed. (H) Proportion of VilcERT R2gPikca/Piidee mjce
with tumors in the colon and Sl and liver metastases (Fisher's exact test).
(1) Representative HGE-stained images of colon, SI, and liver tissues from
Vi|creERT R2gPik3ce/Pildca mijce treated with alpelisib. Scale bars: 1 mm; scale
bars for insets: 100 um. *P < 0.05.

metastases derived from LIN28B" CRC cells, with only 1 in 10
alpelisib-treated mice (10%) developing a micrometastasis, high-
lighting the efficacy of alpelisib in inhibiting metastatic progres-
sion (Figure 5, B, E, and F).

To confirm these findings, we used the transgenic Vi/“ERT
R26F#5/Piksa model of mCRC. These mice were treated with AOM
and tamoxifen, followed by 25 nug/g alpelisib administration every
2 days (Figure 5G). Alpelisib treatment inhibited liver metastasis
formation, as observed by gross inspection and verified through
histologic analysis of serial liver sections (Figure 5, H and I). These
findings underscore the potential of alpelisib to inhibit liver metas-
tasis formation in 2 independent mouse models of mCRC.

Pharmacologic  inhibition of the S6K/RPS6 axis suppresses
LIN28B-driven cell migration and invasion in CRC cells. To elucidate the
downstream effects of PI3Ka inhibition by alpelisib, we conduct-
ed RNA-Seq of LIN28B" CRC cells, untreated and treated with
alpelisib. GSEA identified MTORCI signaling as a top hallmark
pathway that was enriched in vehicle-treated cells compared with
alpelisib-treated cells (Figure 6A). Consistent with this finding,
we analyzed a published dataset (NCBI Gene Expression Omni-
bus [GEO] GSE50760) that involved RNA-Seq of samples from
primary CRC and matched liver metastases from 18 patients with
CRC (47). “MTORC1 signaling” was enriched in the matched liver
metastases relative to primary tumors (Figure 6B), prompting us to
further investigate MTORC1 signaling downstream of the PI3K/
AKT pathway with and without alpelisib treatment.

The PI3K/AKT pathway phosphorylation array showed that
levels of p-AKT, p-S6K (downstream of MTORC1), and p-RPS6
(downstream of S6K) in LIN28B" cells treated with alpelisib were
reduced to levels comparable to those in EV cells (Figure 6C), sug-
gesting that while LIN28B expression increases MTORC1 signal-
ing, alpelisib can effectively reverse this effect. However, mTOR
phosphorylation was not significantly reduced by alpelisib treat-
ment, likely because of PI3K-independent mechanisms regulating
mTOR activation (48, 49). This observation was corroborated by
immunoblotting, which showed decreased levels of p-S6K and
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p-RPS6 upon alpelisib treatment in LIN28B" CRC cells (Figure
6D). Staining of the colonic tissues from Vil® R26"* mice veri-
fied increased staining of p-S6K and p-RPS6 in both R267*5/"T and
R26P*5a/Pikse mouse models (Figure 6E and Supplemental Figure 5).

Given these findings, we explored the potential additive effects of
inhibiting S6K activation in combination with alpelisib. LY2584702,
a selective ATP-competitive S6K inhibitor, was tested at concentra-
tions of 1, 5, and 10 uM on both EV and LIN28B" CRC cells. Con-
centrations of 1, 5, and 10 uM of LY2584702 reduced p-RPS6 lev-
els in EV and LIN28B" cells without inducing cytotoxicity (Figure
6F and Supplemental Figure 4, A and B). A wound healing assay
demonstrated that either 5 uM alpelisib or 5 uM LY 2584702 reduced
cell migration in LIN28B" cells at 48 or 72 hours, respectively, when
compared with the vehicle-treated control group (Figure 6G). When
LY2584702 was combined with alpelisib, there was a greater effect
in reducing wound healing, indicating an additive effect (Figure
6G). The QCM ECMatrix Cell Invasion Assay revealed a decreased
ability of LIN28B" CRC cells to invade through the ECM with treat-
ments of alpelisib or LY2584702. The combination treatment with
alpelisib and LY2584702, although not to a statistically significant
degree in comparison with single-treatment groups, showed a trend
toward decreased invasion (Figure 6H). Collectively, these results
demonstrate that pharmacologic inhibition of the S6K/RPS6 axis
using LY2584702 suppresses LIN28B-driven cell migration and
invasion in CRC cells, and combining PI3Ka inhibition with S6K
inhibition may have an additive effect.

Pharmacologic inhibition of PI3Ka and S6K impairs the growth of
patient-derived CRC organoids. Next, we established 3D PDOs from
primary CRC tumors (Table 1). Surgical specimens of colonic
tumors were collected, and cells were isolated and cultured in Matri-
gel. Notably, the organoids designated as CRC28 were derived from
a patient whose liver metastasis was resected concurrently, provid-
ing a unique opportunity to establish a matched liver metastasis
organoid line (“CRC28met”). Histologic examination verified the
tumor status (differentiation and stage) of each sample, alongside
its adjacent normal colon tissue and liver metastasis in the case of
CRC28 (Supplemental Figure 6A). Before organoid culture, tumor
samples were analyzed for mutations in genes known to impact
clinical management via the Columbia Solid Tumor Panel (CSTP)
specific for colorectal and pancreatic cancers (Table 2). Interest-
ingly, 4 of 5 samples (80%) with PIK3CA mutations exhibited con-
current KRAS mutations, while the remaining sample had a BRAF
mutation. To understand this observation further, we analyzed data
from The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas, which
verified a significant co-occurrence of KRAS and PIK3CA muta-
tions in CRC (Supplemental Figure 6B).

After PDO establishment, WES was performed to verify
mutations identified by the CSTP and to discover potential addi-
tional mutations. Each organoid line displayed unique mutational
profiles (Figure 7A). Interestingly, we observed mutations in one
or more genes of the PI3K/AKT pathway in each organoid line
(Figure 7B). Specifically, CRC27T, CRC34T, CRC28T, and CRC-
28met harbored missense mutations in the PIK3CA gene (Figure
7B). Additionally, CRC28T and CRC28met displayed distinct
mutational profiles. The differences between CRC28T and CRC-
28met were further analyzed using g:Profiler (https://biit.cs.ut.
ee/gprofiler/gost) for biological pathway enrichment (KEGG,
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Figure 6. Pharmacologic inhibition of the S6K/RPS6 axis suppresses
LIN28B-driven cell migration and invasion in CRC cells. (A) GSEA from
RNA-Seq showing hallmark pathways enriched in LIN28B" cells compared
with LIN28B" cells treated with 5 uM alpelisib. (B) GSEA from RNA-Seq
showing hallmark pathways enriched in liver metastasis compared with
matched primary tumors in patients with CRC (GSE50760). (C) Quantifica-
tion of phosphorylated protein targets involved in the PI3K/AKT pathway in
EV, LIN28B", and LIN28B" cells treated with 5 uM alpelisib (1-way ANOVA
for each protein target, mean + SEM). (D) Western blot analysis of LIN28B,
p-AKT (Ser473), p-S6K (Thr389/412), total S6K, p-RPS6 (Ser235/236),
t-RPS6, and GAPDH in CRC cells treated with 5 uM alpelisib (alp, alpelis-
ib; 1-way ANOVA, mean + SEM). (E) Representative IHC images of p-S6K
(Thr389/412) and p-RPS6 (Ser235/236) in colonic tissues from Vil mice.
Scale bars: 100 um. (F) Western blot analysis of p-RPS6, t-RPS6, and
GAPDH in CRC cells treated with varying concentrations of LY2584702 (S6K
inhibitor) (1-way ANOVA, mean + SEM). (G) Wound healing assay showing
cell migration of LIN28B" CRC cells (n = 3; 2-way ANOVA, mean + SEM).
Scale bars: 500 pm. (H) Transwell ECM invasion assay of LIN28B" CRC cells
(1-way ANOVA, mean = SEM). Scale bars: 1 mm. *P < 0.05, **P < 0.01,
***¥p < 0.0001.

Reactome, WikiPathways) (Supplemental Figure 6, C and D).
Immunoblotting for p-AKT, p-MTOR, and p-RPS6 demonstrat-
ed elevated pathway activity in PDO lines with PIK3CA and/or
KRAS mutations (Figure 7C).

We next evaluated the efficacy of targeted therapeutic agents
in these models. The PDOs were treated with alpelisib and
LY2584702 to dissect the functional consequences of PI3Ka and
S6K inhibition in CRC. To validate these findings and explore the
broader clinical applicability of PI3K/AKT pathway inhibition, we
included capivasertib, a pan-AKT inhibitor recently approved by
the FDA for use in HR-positive, HER2-negative locally advanced
or metastatic breast cancer with PIK3CA, AKTI, or PTEN muta-
tions (50). PDOs with no mutations in clinically actionable genes
according to the CSTP (CRC10T, CRC14T, CRC23T) were highly
sensitive to alpelisib or capivasertib as monotherapy. In these lines,
LY2584702 alone did not significantly affect organoid growth.
However, in the CRC14T and CRC23T lines, the combination
of either alpelisib or capivasertib with LY2584702 enhanced the
suppression of organoid growth (Figure 7, D and E, and Supple-
mental Figure 7). For organoids with KRAS mutations (CRC30T,
CRC32T, CRC36T), the effects of the treatments varied and did not
exhibit consistent patterns. Alpelisib effectively suppressed growth
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in CRC32T and CRC36T. However, in CRC32T, LY2584702 par-
adoxically increased growth, and its combination with alpelisib
neutralized alpelisib’s effect. Capivasertib was ineffective in both
lines. CRC30T showed no significant response to any treatment
(Figure 7, D and E, and Supplemental Figure 7). Organoids with
both PIK3CA and KRAS mutations (CRC27T, CRC34T, CRC28T,
CRC28met) were highly sensitive to either alpelisib or capivasertib
as monotherapy (Figure 7, D and E, and Supplemental Figure 7).
This suggests that the presence of a PIK3CA4 mutation makes organ-
oids more amenable to targeted treatments compared with having a
KRAS mutation alone. In CRC27T and CRC28met organoid lines,
the combination with LY2584702 further enhanced the suppression
of organoid growth (Figure 7, D and E, and Supplemental Figure
7). The growth-suppressing effects of alpelisib or capivasertib in
combination with LY2584702 were verified in organoids derived
from the colonic tumors of Vil R26"*5«/FPk« mice (Supplemen-
tal Figures 8 and 9). Collectively, the ability to pharmacologically
inhibit the PI3K/AKT pathway in PIK3CA-mutant PDOs under-
scores the potential of these inhibitors in combination therapies for
primary and mCRC, especially in tumors with concurrent PIK3CA
and KRAS mutations.

PI3K/S6K signaling correlates with disease progression in CRC
patient samples. To validate our experimental findings and their
relevance to clinical progression, we constructed a tissue microar-
ray (TMA) from samples obtained from 60 patients with CRC.
Each TMA core included tissue from adjacent normal colonic tis-
sue, primary colonic tumors, and liver metastases from the same
patients. IHC analysis revealed that 100% of primary colonic
tumors and liver metastases were positively stained for LIN28B
(Figure 8, A and B, and Supplemental Figure 10). We previously
reported that 30% of CRCs express LIN28B (12); this discrepancy
is likely because the TMAs were constructed from patients who
had already developed liver metastases. Additionally, elevated
p-AKT and p-S6K levels were observed in both the primary CRC
and matched liver metastases when compared with the adjacent
normal tissues (Figure 8, A and B, and Supplemental Figure 10).
Interestingly, the expression of p-RPS6, a downstream effector
of both AKT and S6K, was increased in primary tumors com-
pared with adjacent normal tissues, and further elevated in liver
metastases compared with the primary tumors (Figure 8, A and
B, and Supplemental Figure 10). These findings are supported by

Table 1. Patient demographics and characteristics of tumors used for generation of PDOs

PDOline  Age Sex Pathology Location Differentiation status Stage Neoadj. therapy MSI-H  Common mutations (CSTP)
CRC10 58 M Adenocarcinoma Descending Well pT2NO No No None

CRC14 44 F Adenocarcinoma Descending Moderate pT2N2a No No None

CRC23 81 F Adenocarcinoma Ascending Moderate pT4aN2b No No None

(RC30 64 F Adenocarcinoma Ascending Moderate pT2NO No No KRAS (G12D)

(R(32 43 F Adenocarcinoma Rectum Moderate-poor pT4bNOM1 Yes No KRAS (G13D)

CRC36 85 F Adenocarcinoma Ascending Moderate pT3NO No No KRAS (G12D)

CRC27 64 F Adenocarcinoma Ascending Moderate pT4aN1a No No PIK3CA (E545K), KRAS (G12D)
CRC28 73 M Adenocarcinoma Ascending Moderate pT3N1aM1a No No PIK3CA (E545K), KRAS (G12V)
CRC34 75 F Adenocarcinoma Transverse Moderate pT3NO No No PIK3CA (0546E), KRAS (G12D)

Information on patient demographics and tumor characteristics for the PDO lines used in the study. Neoadj., neoadjuvant; MSI-H, microsatellite
instability-high; CSTP, Columbia Solid Tumor Panel.

] -

J Clin Invest. 2025;135(8):e186035 https://doi.org/10.1172/)C1186035


https://doi.org/10.1172/JCI186035
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd
https://www.jci.org/articles/view/186035#sd

The Journal of Clinical Investigation

Table 2. The Colorectal/Pancreatic Subpanel within the Columbia
Solid Tumor Panel consisting of clinically actionable genes

Gene name Mutations (exons)
BRAF NM_004333 e11,15

ERBB2 NM_004448 e8,17,19-21
FBXW7 NM_033632 e5,7-12

GNAQ NM_002072 e2,4,5

GNAT1 NM_002067 e4-5

KRAS NM_004985 e2-4

NRAS NM_002524 e2-4

PIK3CA NM_006218 e2,3,5,7,8,10,14,19,21
POLD1 NM_002691e4-10,15-20,24
POLE NM_006231e1,2,9,11,13,14,20,21,25,26
STKT11 NM_000455 e1-9, full coding sequence

List of clinically actionable genes included in the colorectal and pancreatic
subpanel of the Columbia Solid Tumor Panel that were used for tumor
tissues collected for PDO generation.

single-cell RNA sequencing (scRNA-Seq) data retrieved from the
Human Colon Cancer Atlas (c295), which reveals higher expres-
sion of PIK3CA, MTOR, and RPS6KBI in tumor cells compared
with healthy cells (Figure 8, C and D, and Supplemental Figure
11). Notably, within the tumor cell population, stem/transit-am-
plifying-like cells show enhanced levels of these genes (Figure 8,
C and D, and Supplemental Figure 11). Taken together, the data
from TMA THC and scRNA-Seq suggest that the PI3K signaling
pathway, particularly marked by the elevation of p-RPS6, cor-
relates with disease progression in CRC patient samples.

Discussion

In this study, we provide insights into CRC pathogenesis by demon-
strating that LIN28B expression in CRC cells activates the PI3K/
AKT pathway, enhancing their metastatic potential to the liver. Our
findings highlight that this metastatic process is dependent on the
activation of the PI3K/AKT pathway within the CRC cells. Phar-
macologic and genetic activation of the PI3K/AKT pathway inde-
pendently corroborated these findings, showing enhanced cell migra-
tion, invasion, primary tumorigenesis, and metastasis. Furthermore,
we introduce the first genetically engineered mouse model (GEMM)
that develops colonic tumors progressing to liver metastases within
an intact immune system, driven by a single oncogenic mutation,
Pik3ca. Treatment with these inhibitors effectively reduced cell pro-
liferation, migration, and invasion in 2D cell lines, organoid growth
in 3D organoids, and liver metastasis formation in vivo.

Our study presents a transgenic mouse model that develops pri-
mary intestinal tumors and metastasizes to the liver within an intact
immune system, driven by a single oncogenic event, Pik3ca, in com-
bination with AOM treatment (51). Previously developed GEMMs
of mCRC have typically required multiple oncogenic hits or surgical
interventions to achieve similar outcomes. For instance, a GEMM
of mCRC involved a surgical procedure to limit adeno-cre infection
to the distal colon with homozygous Apc conditional knockout and
heterozygosity for a latent activated allele of Kras. This model result-
ed in liver metastases in 20% of mice within 24 weeks after ade-
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no-cre injection (52). The iKAP mouse model generated by Boutin
et al. eliminated the need for surgery by using direct 4-OH-tamoxi-
fen enema to Vil“ERT mice with Apd™’, Tp53"”, and a Tet-inducible
Kras®"P allele. This model displayed metastases to the liver and lung
within 6 weeks in 25% of the mice (53). Similar to our approach,
others have also combined GEMMs with AOM treatment to
induce CRC metastasis in mice. Vil Trp53"" AktE"7% mice develop
invasive tumors and lymph node metastasis (20%—-30% incidence)
when treated with AOM, with tumors closely resembling human
CMS$4 subtype profiles (54). Additionally, Vil Trp53"" mice treated
with AOM develop high-grade adenocarcinomas and lymph node
metastases (20%—-30% incidence) but none to the liver or lungs (55).
Another commonly used mCRC model involves the orthotopic
injection of CRISPR/Cas9—engineered organoids with CRC driver
mutations Kras®?? and Trp53"". However, this model requires dex-
tran sodium sulfate—induced inflammation prior to implantation to
promote the development of a metastatic phenotype (56). mCRC
has also been generated by orthotopic injection of organoids with
mutations in Apc, Trp53, Kras®'?P, and Smad4 (57).

In the broader context of PI3K research, our transgenic mouse
model addresses limitations observed in existing GEMM:s with Pik-
3ca mutations across various cancer types, including breast cancer.
Previous GEMMs with Pik3ca mutations often exhibit long tumor
latency times, sometimes taking more than a year for tumor growth
(58). Additionally, these models frequently develop sarcomas rather
than adenocarcinomas, the latter of which are the most common
PIK3CA-mutant tumor type in patients (59). Moreover, existing
models have inconsistent tumor formation and lack of metastatic
potential and are often generated in immunocompromised mice,
limiting the relevance to human disease (60, 61). Our model over-
comes these limitations with genetic evidence of primary intestinal
tumors within approximately 3 months, with some tumors pro-
gressing to liver metastases, all achieved within an intact immune
system. The histology of the tumors in our model closely resembles
the colon adenocarcinoma phenotype observed in patients, provid-
ing a more accurate representation of PIK3CA-driven colon can-
cers. This notable advance allows for a more precise study of the
PI3K pathway’s role in tumor progression and metastasis, offering
a valuable platform. The ability of our model to generate tumors
rapidly and with appropriate histologic characteristics highlights
its potential to impact preclinical research and therapeutic develop-
ment for PI3K-mutant CRC.

The use of PDOs provided a highly relevant model system that
recapitulates the genetic, phenotypic, and histologic features of orig-
inal tumors. Vlachogiannis et al. demonstrated the value of PDOs
in predicting clinical outcomes in patients with metastatic pretreat-
ed colorectal and gastroesophageal cancers. Their study found that
PDOs had a high degree of similarity to patients’ tumors and accu-
rately predicted clinical responses to targeted agents or chemothera-
py with a sensitivity of 100%, specificity of 93%, positive predictive
value of 88%, and negative predictive value of 100% (62). In our
study, PDOs enabled us to evaluate the efficacy of PI3K/AKT path-
way inhibitors in a model that closely mimics human CRC, thereby
providing insights into potential therapeutic strategies.

WES of PDOs from matched primary tumors and liver metas-
tases revealed 1,070 genes that were mutated in both primary and
metastatic organoids. One hundred twenty-two genes were mutat-
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Figure 7. Pharmacologic inhibition of PI3Ka and S6K impairs the growth
of CRC PDOs. (A) Heatmap showing top 200 CRC mutations in Catalogue
of Somatic Mutations in Cancer (COSMIC) cancer genes in PDO lines iden-
tified by WES. Only genes with mutations are shown. Mutation types are
color coded as indicated in the legend (T, primary tumor; met, liver metas-
tasis). (B) Heatmap showing mutations in PI3K/AKT pathway genes in
PDO lines identified by WES. Refer to the list of PI3K/AKT pathway genes
used in Supplemental Methods. Only genes with mutations are shown. (C)
Quantification of Western blot analysis of p-AKT (Ser473), phosphorylated
mTOR (p-MTOR) (Ser2448), and p-RPS6 (Ser235/236) in PDO lines (1-way
ANOVA, mean + SEM). (D and E) Representative bright-field images (D)
and growth curves (E) of PDOs treated with the inhibitors every other day
for 8 days. Scale bars: 100 pum (n = 3; 2-way ANOVA, mean + SEM). *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ed exclusively in the metastatic organoids (11.4%), while 115 genes
were mutated exclusively in the primary organoids (10.7%). The
majority of mutant genes overlapped between the two, aligning with
previous findings that mCRC genomes are not fundamentally dif-
ferent from the genomes of primary CRCs in terms of the muta-
tional landscape or the genes driving tumorigenesis (63—65). Genes
mutated in metastases predominantly involve immune suppression,
epithelial-mesenchymal transition, and angiogenesis (63), as well
as MYC signaling, DNA repair, glycolysis, metabolic processes,
and targets of hypoxia-inducible factor (66). Our analysis revealed
pathways such as cAMP and MAPK signaling, ECM degradation,
GPCR signaling, MMP activation, and VEGFA-VEGFR?2 signaling
among the genes mutated exclusively in PDOs derived from metas-
tasis. The overlap of mutated genes between primary tumors and
metastases suggests that metastatic potential may be predetermined
early in tumorigenesis, with metastasis-initiating cells already pres-
ent among the initial cell clones in the primary tumor (36, 67).

It is notable that 80% of tumor tissues collected to generate
PDOs with PIK3CA mutations also harbored KRAS mutations.
This was corroborated by TCGA analysis showing high co-occur-
rence of PIK3CA and KRAS mutations in CRC, indicating a syn-
ergistic or linked pathway involvement. A study evaluating 504
patients with diverse cancers found that KR4S mutations were pres-
ent in 38% of patients with PIK3CA mutations compared with 16%
of patients with wild-type PIK3CA (P = 0.001) (68). Specifically in
CRC, the analysis of 83 patients with paired primary tumors and
matched metastases revealed that 25% of the tumors with mutant
KRAS and 4% of wild-type KRAS tumors had PIK3CA mutations
(P = 0.008) (69). Furthermore, a study of 655 patients with CRC
found that KRAS and PIK3CA comutations were associated with
aggressive clinicopathologic features. Patients with both mutations
had poorer overall survival compared with those with only one or
neither mutation, emphasizing that the concomitant mutation sta-
tuses of KRAS and PIK3CA should be considered for prognostic
evaluations in patients with CRC (70). Collectively, the co-occur-
rence of PIK3CA and KRAS has implications for targeted therapies,
as treatments targeting PIK3CA-mutant CRC must also be effective
against tumors harboring both PIK3CA and KRAS mutations to
achieve optimal therapeutic outcomes.

The differential sensitivity for PI3K pathway inhibitors
observed in PDOs based on their mutational status underscores
the importance of considering mutational profiling when selecting
targeted therapies for CRC. Organoids without clinically action-
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able mutations were highly responsive to alpelisib or capivasertib.
By contrast, organoids with KRAS mutations exhibited variable
treatment responses, highlighting the complexity of targeting this
subgroup. Notably, organoids harboring both PIK3CA and KRAS
mutations were consistently more sensitive to these targeted thera-
pies. This suggests that PIK3CA mutations could serve as predictive
markers for treatment efficacy in KRAS-mutant CRCs. This is par-
ticularly important given that KRAS mutations are present in up to
50% of CRC cases and co-occur with PIK3CA mutations (71).

It is important to note that several PI3K4 inhibitors, such as ide-
lalisib, copanlisib, duvelisib, and umbralisib, have been withdrawn
from clinical use by the FDA because of immune-related side effects
and, in some trials, a reduction in overall survival (59). In contrast,
PI3Koa inhibitors such as alpelisib (45) and inavolisib (72), as well as
the AKT inhibitor capivasertib (50), remain in clinical use for specific
cancer types, with ongoing efforts to mitigate side effects, such as
hyperglycemia, through the development of mutant-selective inhibi-
tors like STX-478 (35) and RLY-2608 (34). Moreover, ongoing clini-
cal trials for alpelisib and capivasertib are exploring their efficacy in
various cancers, including CRC. Alpelisib, already FDA approved for
HR-positive, HER2-negative, PIK3CA-mutated advanced or metastatic
breast cancer (45), is being tested in head and neck squamous cell
carcinoma, melanoma, multiple myeloma, gastric cancer, pancreatic
cancer, and ovarian cancer. Two clinical trials have investigated
alpelisib in CRC. The first was a phase Ib/II multicenter study of
encorafenib (BRAF inhibitor) and cetuximab (EGFR inhibitor) or
encorafenib, cetuximab, and alpelisib in patients with BRAF-mutant
mCRC (ClinicalTrials.gov, NCT01719380). This study, completed in
October 2015, indicated that the combination therapies with alpelisib
were generally well tolerated and recommended further evaluation
of their efficacy in CRC treatment. The second phase Ib pharmaco-
kinetics study is an active study assessing the efficacy and safety of
alpelisib and capecitabine (chemotherapy) in patients with mCRC
who have a PIK3CA mutation (NCT04753203). Capivasertib is being
investigated in clinical trials for triple-negative breast cancer, B cell
non-Hodgkin lymphoma, and prostate cancer. The only ongoing clin-
ical trial examining capivasertib in CRC is the MATCH Screening
Trial (NCT02465060), a phase II study evaluating the effectiveness
of treatments directed by genetic testing in patients with advanced,
refractory solid tumors, lymphomas, or multiple myelomas. Patients
with AKT mutations will be assigned to capivasertib, while taselisib
and copanlisib will target PIK3CA or PTEN mutant cancers.

The safety profile of LY2584702 has been evaluated in 4 phase I
clinical trials, yielding divergent results (73, 74). These studies, how-
ever, did not incorporate genetic testing as their selection criteria.
Our data using PDOs suggest that 1Y2584702 could be effective
when used in combination with PI3K or AKT inhibitors, particu-
larly in patients with both PIK3CA and KRAS mutations. Organoids
that responded well to LY2584702 combined with either alpelisib
or capivasertib were derived either from patients with no clinically
actionable CRC-related mutations or from patients with both KRAS
and PIK3CA mutations. Genetic testing and combination therapy
could potentially lower the required dose for efficacy to mitigate the
toxicity of LY2584702 observed at higher doses. Further studies are
needed to explore the efficacy of LY2584702 in combination with
PI3K pathway inhibitors and to determine its potential in clinical
settings, particularly in patients with specific genetic backgrounds.
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Figure 8. PI3K/S6K signaling correlates with disease progression in CRC patient samples. (A) Representative IHC images of LIN28B, p-AKT (Ser473),
p-S6K (Thr389/412), and p-RPS6 (Ser235/236) in normal adjacent colon tissue, primary colon tumor, and liver metastases from 60 patients with CRC.
Scale bars: 100 um; scale bars for insets: 10 um. (B) Quantification of IHC staining scores for LIN28B, p-AKT, p-S6K, and p-RPS6 (n = 60; 1-way ANOVA,
mean + SEM). (C) T-distributed stochastic neighbor embedding (t-SNE) plots showing the expression of PIK3CA in all epithelial cells (top) and in T4 stage
tumor cells (bottom) from the Human Colon Cancer Atlas single-cell sequencing dataset (c295) comprising 371,223 cells. (D) Dot plot showing scaled mean
expression and percentage of cells expressing PIK3CA, MTOR, and RPS6KBT1 across different cell clusters (normal colonic epithelial and tumor cells) identi-

fied in the Human Colon Cancer Atlas dataset. cE, colonic epithelium. ***P < 0.001, ****P < 0.0001.
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This study is highly relevant and timely given the recent
advancements in developing PI3K inhibitors that are less toxic and
more specific, making combination therapies more feasible. For
example, RLY-2608 selectively inhibits mutant PI3Ka, reducing
the risk of side effects associated with wild-type PI3Ka inhibition,
such as hyperglycemia, rash, or diarrhea. RLY-2608 has shown a
partial response and initial antitumor activity at different doses in
breast cancer patients, including one who had progressed after 12
prior lines of therapy (34). Another promising example is STX-478,
an allosteric, mutant-selective PI3Ka inhibitor that interacts with
a previously undescribed allosteric pocket within PI3Ka. STX-478
selectively targets mutant PI3Ka, reducing toxicity and improving
efficacy compared with alpelisib. STX-478 avoids metabolic dys-
function, such as hyperglycemia. It has demonstrated robust effica-
cy in human tumor xenografts, and combining STX-478 with other
treatments such as fulvestrant and CDK4/6 inhibitors has provided
durable tumor regression without substantial side effects (35).

This study’s impact is highlighted by our investigation into
vertical inhibition of the PI3K pathway. Vertical inhibition, which
involves targeting both upstream and downstream components
of the same pathway, has shown promise in therapeutic interven-
tions, analogous to the successful BRAF/MEK inhibition strategy
in BRAF mutant cancers (75-77). Our findings demonstrate the
effectiveness of vertical inhibition of the PI3K pathway in PIK3CA-
mutant CRC, providing a promising approach for more effective and
safer therapeutic intervention in mCRC, a field bereft of meaningful
impact on 5-year survival rates. It is critical that potential treatments
for mCRC pivot on new mechanistic insights, and in this context,
we nominate the PI3K pathway as a promising therapeutic target.

Collectively, our study provides insights into the mechanism by
which LIN28B mediates CRC metastasis, employing a wide range
of models (cell lines, GEMMSs, 3D PDOs, and human CRC TMAs)
to investigate both the activation and inhibition of the PI3K/AKT
pathway downstream of LIN28B. Our findings strongly support
the critical role of the PI3K/AKT pathway in CRC metastasis and
highlight the therapeutic potential of targeting this pathway.

Methods

Sex as a biological variable. Both female and male mice were used for all
mouse experiments to ensure that any sex-based variations in tumor devel-
opment, progression, and response to intervention were captured. PDOs
and TMAs were generated from both male and female patients with CRC.
Data were analyzed separately for male and female subjects first to discern
any subtle sex-specific differences that may exist; however, no significant
differences were observed between male and female subjects.

Generation of LIN28B" cell lines. LoVo and DLD-1 cells were
obtained from American Type Culture Collection. LoVo and DLD-
1 cells with LIN28B expression were generated using a previously
described method (5, 12), as outlined in Supplemental Methods.

PDO culture. Tumor tissues were obtained from patients undergoing
elective surgery at NewYork-Presbyterian/Columbia University Irving
Medical Center with written informed consent under a protocol approved
by the Columbia University Institutional Review Board (IRB; protocol
AAAT8778). Organoid cultures were prepared as previously described,
with minor modifications (78). Note that the protocol used for PDO estab-
lishment outlined in Supplemental Methods is also effective for tumor tis-
sues that have been frozen in liquid nitrogen for up to 6 months.

J Clin Invest. 2025;135(8):e186035 https://doi.org/10.1172/)C1186035

RESEARCH ARTICLE

Portal vein injection of LIN28B" CRC cells. All animal studies were
approved by the Institutional Animal Care and Use Committee
(IACUC) at Columbia University, and all experiments were conducted
in compliance with the National Institutes of Health (NIH) guidelines
for animal research. Portal vein injection was performed as described
previously (5) and is outlined in Supplemental Methods.

Generation of GEMDMs. Vil R26"** mice were produced by mating
of B6.Cg-Tg(Vill-cre)1000Gum/J mice (The Jackson Laboratory, strain
021504) with C57BL/6-Gt(ROSA)26Sortm7(Pik3ca* EGFP)Rsky/J
mice (The Jackson Laboratory, strain 012343). Vilc**RT R26"*5% mice
resulted from crossing of B6.Cg-Tg(Vill-cre/ERT2)23Syr/J mice (The
Jackson Laboratory, strain 020282) with strain 012343. Both Cre and
CreERT alleles were maintained in a hemizygous state. Toe clip samples
were sent to TransnetY X for genotyping. Colon and SI were washed with
cold PBS and collected as Swiss rolls before fixing in 10% neutral-buff-
ered formalin. In addition to genotyping, expression of mutant Pik3ca
in the intestinal epithelial cells was verified by GFP expression, p-AKT
(Ser473) staining, and p-AKT (Ser473) immunoblotting.

Western blot of cells and organoids. Immunoblotting was conducted
as described in Supplemental Methods using primary antibodies (Sup-
plemental Table 1) and visualized using IRDye secondary antibodies
(LI-COR Biosciences 926-68070, 926-32211). Measured protein levels
were normalized to either GAPDH or B-actin as endogenous controls.

PI3K/AKT pathway phosphorylation array. EV and LIN28B" LoVo
and DLD-1 cells, treated with either vehicle or alpelisib, were sent as
frozen cell pellets to RayBiotech for analysis using the Human/Mouse
AKT Pathway Phosphorylation Array (RayBiotech AAH-AKT-1).

Soft agar colony formation assay. The colony formation assay was per-
formed using the CytoSelect 96-Well In Vitro Tumor Sensitivity Assay
(Soft Agar Colony Formation, CBA-150) (Cell Biolabs, Inc.) according
to the manufacturer’s instructions.

Construction of TMA. A cohort of 60 patients diagnosed with colon
carcinoma was selected for the study. The patients’ ages ranged from 44
to 94 years (mean age 68.3 years). Rectal tumors were excluded from
the study. The patients were selected based on the availability of prima-
ry tumors, normal adjacent colon tissue, and liver metastases. Tissue
samples were obtained from patients, and TMAs were constructed by
the Molecular Pathology Shared Resource under the Columbia Univer-
sity IRB protocol AAAS3903. Three 2 mm cores of normal adjacent
colon mucosa, primary tumor tissue, and liver metastases were collect-
ed from each patient and were paraffin-embedded in microarrays. IHC
staining was performed on the TMA sections as described in Supple-
mental Methods.

Histopathologic analysis. All pathologic analyses were performed at
Histopathology Facility, Fox Chase Cancer Center, in accordance with
the consensus report and recommendations for pathologic analysis.
The quantitative evaluation of positively stained cells (Ki67, LIN28B,
p-AKT, p-S6K, p-RPS6) was performed by manual counting of cells
for each sample in a blinded fashion. For IHC analysis, 0 = negative
staining involving less than 33% of cells; 1 = weak staining involving
33%—66% of cells; 2 = moderate staining involving more than 70% of
cells; and 3 = strong staining involving more than 70% of cells.

Statistics. All data are presented as the mean * standard error of
the mean (SEM), and sample sizes are indicated in the graphs or figure
legends. All studies were conducted with a minimum of 3 technical
and biological replicates. Statistical significance was set at P less than
0.05. The statistical analyses, including 2-tailed Student’s unpaired
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t test, 1-way ANOVA with Tukey’s multiple-comparison test, 2-way
ANOVA with Tukey’s or Holm-Sidak multiple-comparison test, y* tests,
and Fisher’s exact tests, were performed using GraphPad Prism version
10.4.0 for Windows. P < 0.05 was considered significant. If the graphs
do not display statistical annotations (asterisks) indicating significance,
the results are not statistically significant (P > 0.05). Statistical analyses
were confirmed with the Cancer Biostatistics Shared Resource at Her-
bert Irving Comprehensive Cancer Center.

Study approval. All animal work and studies involving patient tis-
sues were approved by the IRB or IACUC of Columbia University (see
IRB protocol numbers above). Written informed consent was obtained
from all participants prior to their involvement in the study, in accor-
dance with IRB guidelines.

Data availability. Values for all data points in graphs are reported
in the Supporting Data Values file. RNA-Seq data were deposited in
the NCBI’s dbGaP database under the accession number phs003965.
v1l.pl. Mouse models, 3D organoid lines, and engineered 2D cell lines
are available from the corresponding author under a material transfer
agreement with Columbia University.
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