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C E L L  B I O L O G Y

Inflammatory monocytes constrain YAP-induced 
cell proliferation
Serrena Singh1,2, Nareh Tahmasian3, Jia-Jun Liu4, Wenjia Wang4, Lucas Haas1,2, Yingdong Zhu1,2, 
Magdalena M. Griswold5, Nina N. Brodsky5, Silvia Liu4, Brian T. Kalish3,6,7,8, Dean Yimlamai1,2*

YAP and its paralog, TAZ, are transcriptional coactivators of the Hippo pathway that regulate cell growth. Their 
structural distinctiveness suggests important independent functional differences. To investigate this further, 
we generated YAP- and TAZ-predominant clones in the liver and followed their long-term behavior. YAP clones 
rapidly dedifferentiate cells into a stem cell–like state with inflammatory immune cell recruitment followed 
by their clearance. In contrast, TAZ clones promote an anti-inflammatory immune environment, resulting in 
their long-term maintenance, massive organ growth, and increased mortality. YAP clones recruit inflammatory 
blood-derived monocytes, which, if inhibited, permits YAP clonal growth. Consistent with these results, patients 
with YAPHigh colorectal cancer (CRC) had a 67% 5-year survival rate, whereas patients with TAZHigh CRC did not 
survive to 5 years. Similar trends were seen in patients with hepatocellular carcinoma. These findings under-
score the importance of understanding the intrinsic differences in YAP and TAZ biology as independent drivers 
of disease.

INTRODUCTION
Genetic duplication is useful for the long-term survival of a species, 
ensuring redundancy of useful traits as well as providing the starting 
material for genetic diversity through processes like neofunctional-
ization (1, 2). Over time, duplicated genes undergo mutations, leading 
to their divergence to develop new functions. In vertebrates, the 
transcriptional coactivators Yes1-associated protein (YAP) and its 
paralog WW domain containing transcriptional regulator (WWTR1, 
aka TAZ) are one example of this process.

Both YAP and TAZ are thought to arise from the same ancestral 
gene, yorkie (yki) (3). Yki, originally discovered in Drosophila inte-
grates intra/extracellular cues regulating programs involved in cell 
proliferation, differentiation, and stem cell renewal within a highly 
conserved framework known as the Hippo signaling pathway (4–7). 
Yorkie and other critical Hippo pathway components are present in 
unicellular premetazoan lineages (8–10) with the gene duplication 
event producing YAP and TAZ occurring in an early vertebrate an-
cestor (11).

YAP and TAZ are often referred interchangeably, likely because 
early studies focused on their involvement in proliferation (12). Stud-
ies defining differences between YAP and TAZ are comparatively 
sparse with apparent differences in their biology often hypothesized 
to primarily be due to their genomic regulation (10). Vertebrates have 
adopted an increasing number of inputs into these molecules, but 
whether or how YAP/TAZ translates these signals into differential 

outputs requiring the presence of two distinctive cotransactivators 
is unclear.

Several similarities and distinctions between these proteins exist. 
They share the ability to interact and activate the TEA Domain (TEAD) 
family of transcription factors (13) and appear to respond similarly 
to upstream kinases (14). But, YAP is significantly larger than TAZ, 
with YAP containing several phosphorylation sites and domains ab-
sent from TAZ. TAZ has an ability to homodimerize while YAP does 
not, suggesting that these molecules can form distinct intracellu-
lar binding partners to activate/inhibit divergent downstream tran-
scriptional targets (15, 16).

Here, we investigated the role that these molecules play by manipu-
lating YAP or TAZ expression in hepatocytes. Both YAP and TAZ sup-
port an initial burst of proliferative activity by hepatocytes. Over time, 
TAZ-expressing hepatocytes rapidly overtake the liver parenchyma, 
whereas YAP-expressing hepatocytes remain limited in their growth. 
We find that YAP-expressing hepatocytes illicit a strong immunologic 
response, recruiting monocytes and other innate immune cells which 
limit YAP clonal growth. In contrast, TAZ-expressing hepatocytes dis-
play fewer immunostimulatory signaling pathways, thereby fostering 
their long-term growth. In colorectal cancer (CRC) and hepatocellular 
carcinoma (HCC), high TAZ expression was associated with a shorter 
survival time than those expressing high YAP.

RESULTS
LATS KO cells in vivo predominantly express TAZ expression 
and display a competitive growth advantage over YAP
To examine the effects of YAP versus TAZ on in vivo cellular behav-
ior, we generated two mouse lines for comparison. First, we used 
a previously published tetracycline-inducible model of YAPS127A 
(Fig. 1A, YAP-Tg) (17) that is paired with a constitutive reverse tet-
racycline transactivator blocked by a floxed stop cassette (18). Mice 
are infected with a highly specific adeno-associated virus specifi-
cally expressed in hepatocytes (AAV-Cre). Doxycyline is then given 
in the drinking water to activate YAP expression in a cell-type and 
temporal specific fashion.
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Fig. 1. Hepatocyte-specific LATS KO confers growth advantage as compared to YAP-Tg. (A) Schematic of experimental setup and model design. Created in BioRender. 
D. Yimlamai (2026), https://BioRender.com/6l1npfn. wk, weeks. (B) Western blot of livers from control, YAP-Tg, and LATS KO mice at 3 weeks post–AAV-Cre [1011 plaque-
forming units (PFU) per mouse] and doxycycline water administration with the indicated antibodies. (C) Representative images of control, YAP-Tg, and LATS KO livers 
harvested 12 weeks postinduction with AAV-Cre (109 PFU per mouse). Scale bar, 1 cm. (D) Bar plot of liver/body weight percentages in control (n = 10), YAP-Tg (n = 9), and 
LATS KO mice (n = 8). (E) Representative tdTomato immunostaining of cells in control, YAP-Tg, and LATS KO mice. Inset: Magnified image of indicated area. Scale bar, 200 μm. 
(F) Violin plot of TdTomato+ cells per high-power field (HPF) for conditions noted in (E) (n = 3 animals per group; Tukey’s multiple comparisons test). (G) Representative 
images of immunostaining of YAP (green), TAZ (yellow), red fluorescent protein (RFP; red), and 4′,6-diamidino-2-phenylindole (DAPI; blue) in the indicated livers. Scale bar, 
90 μm. Mean and SEM plotted; P value calculated with one-way analysis of variance (ANOVA), Tukey’s multiple comparisons test. n.s., not significant; *P < 0.05; **P < 0.01; 
***P < 0.001. AAV-Cre, AAV-TBG-Cre; Dox, doxycycline.

https://BioRender.com/6l1npfn
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Second, we generated Large Tumor Suppressor kinase 1 and 2 
(LATS1/2) knockout (KO) mice by infecting LATS1/2 floxed mice 
with AAV-Cre (Fig. 1A, LATS KO). LATS kinases (LATS1 and 
LATS2) are well-established upstream regulators of YAP and TAZ 
(19–22), phosphorylating these proteins to promote their cytoplas-
mic sequestration and degradation. Previous studies using similar 
methods suggested that LATS1/2 deletion leads to up-regulation of 
both YAP and TAZ (23–25).

A time-course study of YAP-Tg and LATS KO mice was performed 
to document the dynamics of YAP and TAZ expression in vivo. 
At all time points examined, YAP-Tg mice predominantly expressed 
YAP and minimal TAZ. In LATS KO mice 1 week after infection, 
there was broad hepatocytic nuclear YAP expression and minimal 
TAZ expression. At 2 weeks, proliferative clones displayed a combi-
nation of nuclear YAP and TAZ expression, whereas, at 3 weeks, 
expanding clones predominantly expressed nuclear TAZ and min-
imal YAP expression (fig. S1A). Liver immunoblots at this time 
point showed that control livers (AAV-Cre/R26-lsl-tdTomato) dem-
onstrated modest expression of YAP and TAZ. YAP-Tg livers dem-
onstrated high YAP expression and reciprocally low TAZ expression. 
Consistent with the immunostaining results, LATS KO livers dem-
onstrated high TAZ expression and correspondingly low YAP ex-
pression (Fig. 1B).

We then evaluated whether persistent activation of YAP or TAZ 
in a small number of hepatocytes results in measurable long-term 
differences in liver size or animal health. Using a low dose of AAV-Cre 
to infect a small number of hepatocytes (~0.1%), we followed a co-
hort of mice over a 12-week treatment period. An inducible tandem-
dimer tomato (tdTomato) reporter present in these lines facilitates 
clonal tracing of recombined cells. LATS KO animals had early mor-
tality and lower survival rates (8 of 11) compared to control (10 of 
10) and YAP-Tg (9 of 10) animals, suggesting a potential disparity 
across the models (fig. S1B, P = 0.08). When the livers were harvest-
ed, we observed that LATS KO livers were markedly larger (9.4%, 
n = 8, P < 0.001; Fig. 1, C and D) with pronounced redness as com-
pared to either of the control or YAP-Tg groups. Control and YAP-
Tg livers were tan in appearance with similar mean liver–to–body 
weight ratios for control (4.1%, n = 10) and YAP-Tg (4.8%, n = 9) 
mice (Fig. 1, C and D). These values fall well within the normal range 
for normal mice (3 to 5%).

To discern the cellular behavior of hepatocytes in the context of 
YAP or TAZ overexpression, we microscopically examined repre-
sentative livers from these treatments. tdTomato+ cells in control 
livers were typically single cells, consistent with the notion that he-
patocytes divide once or twice per year under homeostasis (26). In 
YAP-Tg livers, we observed both single cells and small heterogeneous 
clusters scattered throughout the liver. This is consistent with prior 
work demonstrating that YAP overexpression plays a role stimulating 
hepatocyte growth, although not to an extent where it was macro-
scopically visible in this setting. In contrast, LATS KO mice had small 
tdTomato+ cells throughout the liver parenchyma (Fig. 1E). Individ-
ual clones were indistinguishable in the LATS KO model, presum-
ably because clones merged with one another.

We quantified the number of tdTomato+ cells per high-power 
field (HPF) to measure the persistence of recombined cells 12 weeks 
after each treatment. Control, YAP-Tg, and LATS KO livers dis-
played 10.1, 12.9, and 32.4 tdTomato+ cells per HPF, respectively 
(Fig. 1F). Immunohistochemistry showed that tdTomato+ cells in 
controls did not express substantial amounts of either YAP or TAZ. 

tdTomato+ clones in YAP-Tg and LATS KO livers predominantly 
expressed either YAP or TAZ, respectively (Fig. 1G and fig. S1, C 
and D). These findings indicate that both YAP and TAZ stimulate 
clonal growth; however, TAZHigh hepatocytes display a substan-
tial growth advantage over YAPHigh hepatocytes in vivo.

YAP-Tg and LATS KO hepatocytes share many common but 
some distinct transcriptional programs
To elucidate the transcriptional programs stimulated by YAP- or 
TAZ-predominant cells and gain insight into the differential mech-
anisms by which they expand in the liver, we performed bulk RNA 
sequencing (RNA-seq) on purified hepatocytes from control, YAP-
Tg, and LATS KO livers (Fig. 2A). Three weeks posttreatment, we 
sorted hepatocytes from the liver by enzymatic digestion and pu-
rifying Live+tdTomato+ cells by fluorescence-activated cell sorting 
(FACS). Bulk RNA-seq libraries were generated and analyzed from 
these mice using stringent criteria (log fold change > 1.5, q value < 
0.001; Fig. 2B). By this method, we identified common (104 genes, 
35.6%), YAP-Tg (172 genes, 58.9), and LATS KO (15 genes, 5.1%) 
that were most likely to be commonly or uniquely expressed to 
these treatments.

Among the differentially expressed genes in YAP-Tg/LATS KO 
livers as compared to control were many well-documented Hippo 
pathway target genes (Fig. 2C, common) including Ctgf, Cyr61, Nuak2, 
and Tgfb2. In our common gene set, we identified Anln and Kif23 
as up-regulated, genes recently reported as key TAZ-specific target 
genes (27). LATS KO hepatocytes expressed Ctla4 and Tigit (Fig. 2C, 
LATS KO specific), genes associated with promoting immune silenc-
ing by down-regulation of CD8+ T cells (28). In contrast, YAP-Tg he-
patocytes expressed several genes associated with interferon signaling 
activation including Irf9, Isg15, and Igtp (Fig. 2C, YAP-Tg specific).

To determine whether specific gene programs are preferentially 
activated in YAP-Tg or LATS KO livers, we used ingenuity pathway 
analysis (IPA). The analysis revealed several signaling pathways re-
lated to interferon and cell death activation pathways that were more 
strongly associated with YAP-Tg as compared to LATS KO (Fig. 2D). 
Notable among these were RIPK1-mediated necrosis, necroptosis sig-
naling pathway, and interferon signaling. These pathways suggest a 
heightened inflammatory environment and potential cell death mech-
anisms linked to YAP-Tg expression. Conversely, the analysis of LATS 
KO livers revealed an enrichment of interleukin-10 signaling, an anti-
inflammatory pathway associated with down-regulation of immune 
responses (29, 30).

To confirm our findings, we examined an independent RNA-
seq dataset using sorted hepatocytes from liver YAP overexpression 
(ApoE-YAP) (31) and LATS KO 1 week postinduction (25). Using 
similar criteria to our RNA-seq analysis, we identified a comparable 
proportion of genes grouping into common, ApoE-YAP–, and LATS 
KO–specific categories (fig. S2A) as in our dataset. IPA of this data-
set revealed that the ApoE-YAP model was enriched for pathways 
associated with cell clearance and immune stimulation. In contrast, 
LATS KO livers displayed enrichment for pathways related to im-
mune silencing (fig. S2, B and C). Together, these data suggest that 
YAP- and TAZ-predominant cells direct distinctive patterns of ex-
pression. YAP-Tg–expressing cells display genes associated with in-
creased recruitment and activation of innate and adaptive immune 
cells, suggesting a robust immune response that potentially could 
slow their growth (32–37), while LATS KO cells express genes as-
sociated with immune silencing.
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YAP-Tg and LATS KO single-nucleus RNA-seq uncovers 
distinctive patterns of cellular remodeling
To gain a deeper insight into the cellular behaviors that develop in 
YAP-Tg and LATS KO mice, we performed single-nucleus RNA-
seq (snRNA-seq) on liver samples from control (n = 2), LATS KO 
(n = 4), and YAP-Tg mice (n = 5) (Fig. 3A). A total of 45,739 nuclei 
were recovered identifying 12 major clusters (Fig. 3B). Among these 
nuclei, we distinguished key liver cell populations, including cholan-
giocytes, hepatocytes, endothelial cells, fibroblasts, and immune cells. 
We were able to define the three major categories of hepatocytes—
periportal, midzonal, and pericentral—by the expression of several 
well-known marker genes (Fig. 3B and fig. S3A). We classified a 
small subset of cells, “hepatic stem cells” due to their expression of 
cholangiocyte and periportal hepatocyte genes, a likely transitional 
population between the major epithelial cells of the liver. In con-
trols, these cells represented 5.1% of all cells identified (Fig. 3, B to 
D, and table S1).

Activation of hepatocytic YAP results in profound changes in the 
proportion of epithelial and immune cells of the liver. The number 
and proportion of hepatic stem cells in YAP-Tg mice increased (22.9%) 
with a concomitant decrease in the proportion of cells identified as 
periportal hepatocytes (13.5%) as compared to controls (47.4%). In 
YAP-Tg mice, we identified a novel cellular population that we desig-
nated, “induced hepatic stem cells” (iHepSCs; 3.1%). These cells were 
not present in controls and shared characteristics of cholangiocytes 
and hepatic stem cells. These cells were highly proliferative as evi-
denced by expression of Mki67 and exhibited markers of liver cancer 
stemness such as Foxm1 (fig. S3A) (38). The proportion of cholan-
giocytes also markedly increased in the YAP-Tg model (18.7%) as com-
pared to controls (2%). In comparison, the proportion of epithelial 

cells in control and LATS KO livers is highly similar (Fig. 3D). iHepSCs 
were present in LATS KO livers (0.5%), but they composed a small 
proportion of these livers and were several-fold lower than in the 
YAP-Tg model.

To further investigate how YAP or TAZ influences hepatocyte 
cell fate decisions, we applied Monocle3 trajectory analysis (39, 40) 
to our parenchymal snRNA-seq dataset, ordering cells along a pseu-
dotime axis. In control livers, most parenchymal cells were com-
mitted to the hepatocyte lineage with a small fraction transitioning 
between hepatocyte and cholangiocyte fates. YAP-Tg livers demon-
strated a strong preference for hepatocytes to transition into chol-
angiocytes, hepatic stem cells, and iHepSCs and away from the 
periportal hepatocyte phenotype. In contrast, hepatocytes in LATS 
KO livers displayed cellular trajectories like the control condition 
(Fig. 3E). These findings underscore YAP’s tendency to drive hepa-
tocytes toward a progenitor-like state, a phenomenon not mirrored 
by TAZ expression.

There were notable shifts in the nonparenchymal cell populations 
of the YAP-Tg and LATS KO livers as compared to controls, par-
ticularly the immune cell fraction. Immune cells were 17.6 and 14.7% 
of YAP-Tg and LATS KO livers, respectively, whereas controls dis-
played 10% (Fig. 3C). By immunofluorescence, YAP-Tg (48.9 CD45+ 
cells per HPF, P < 0.0001) had the highest proportion of immune 
cell recruitment followed by LATS KO (26.7 CD45+ cells per HPF, 
P < 0.001) and then controls (10.4 CD45+ cells per HPF; fig. S3, C 
and D). This change was also reflected when subclustering for Ptprc 
(i.e., CD45) expressing cells from our dataset. We identified several 
common immune cell types (fig. S3, B and E) such as Kupffer cells 
(KCs), macrophages, monocytes, dendritic cells, and B and T cells 
according to commonly expressed immune marker genes (41, 42). 
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Fig. 2. Transcriptional profiling of YAP-Tg and LATS KO hepatocytes reveal transcripts and transcriptional profile favoring YAP or TAZ expression. (A) tdTomato-
labeled cells of livers were cell sorted and subject to RNA-seq. Created in BioRender. D. Yimlamai (2026), https://BioRender.com/4ix922h. (B) Heatmap of control, LATS KO, 
and YAP-Tg hepatocytes. Common, YAP-Tg–, or LATS KO–specific transcripts are defined as less or greater than 1.5-log fold change and q value < 0.001. (C) Relative expres-
sion of common, YAP-Tg–, or LATS KO–specific genes from the indicated treatments. (D) Ingenuity pathway analysis (IPA) z-score associated with YAP or LATS KO. Analysis 
was performed on genes identified as significantly differently expressed based on the cutoffs reported in (B). HGF, hepatocyte growth factor; IGF-1, insulin-like growth 
factor 1; PDGF, platelet-derived growth factor; RIPK1, receptor-interacting protein kinase 1.

https://BioRender.com/4ix922h
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Fig. 3. Liver snRNA-seq demonstrates profound and novel interactions in YAP-Tg and LATS KO liver cell populations. (A) Schematic of experimental setup; nuclei 
were isolated from mouse livers at 0-, 1-, and 3-week time points and subjected to snRNA-seq. Created in BioRender. D. Yimlamai (2026), https://BioRender.com/2plsrsh. 
(B) Combined Uniform Manifold Approximation and Projection (UMAP) of 46,499 nuclei from control (n = 2, 5782 nuclei), YAP-Tg [1-week time point (n = 2) and 3-week 
time point (n = 3); total, 21,815 nuclei], and LATS KO [1-week time point (n = 2) and 3-week time point (n = 2); total, 18,902 nuclei] mice. Labels indicate identified cell types. 
(C) Proportion bar plot of UMAP cell populations in (A). Color scheme is maintained between (B) and (C). (D) Proportion bar plot of UMAP epithelial cell populations in (B) 
and (C). Color scheme is maintained between (C) and (D). (E) Monocle3 trajectory analysis plotted over UMAPs of control, YAP-Tg, and LATS KO conditions. Arrow width 
indicates relative strength of the trajectory analysis. (F) CellChat communication networks of all identified cell types across control, YAP-Tg, and LATS KO. Line thickness 
indicates the relative number of predicted interactions. (G) CellChat Interaction map of CSF, NOTCH, EGFR, and GALECTIN signaling in the indicated treatments. Cell types 
are indicated in the legend at the bottom.

https://BioRender.com/2plsrsh
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Ly6cHi monocytes were enriched in both YAP-Tg (10.2%) and LATS 
KO (6.7%) livers as compared to controls (0.6%) but were preferen-
tially present in YAP-Tg livers. Markers of T regulatory cell activity 
including Foxp3, Ctla4, Il2ra, and Ikzf2 were enriched in LATS KO 
livers, supporting an anti-inflammatory environment in this context 
(fig. S3F).

Using CellChat (43), a machine learning algorithm coupled with 
a known ligand-receptor database, we evaluated potential cell-cell 
interactions in the context of these conditions. In YAP-Tg livers, 
most intercellular interactions originated from hepatic stem cells, 
iHepSCs, and cholangiocytes. These populations engage in exten-
sive signaling with KCs, monocytic macrophages (Μϕ), and T and 
B cells. The intensity and frequency of these predicted interactions 
occurred at a higher rate in YAP-Tg livers than either the control or 
LATS KO conditions (Fig. 3F).

Several pathways identified by CellChat consistent with our phe-
notype included colony-stimulating factor 1 (Csf1) signaling, a well-
characterized monocyte/macrophage chemotactic factor promoting 
their survival, proliferation, and differentiation (44, 45). Csf1 and its 
receptor, Csf1r, were absent in control livers, significantly enriched in 
YAP-Tg livers and moderately increased in LATS KO livers (Fig. 3G, 
CSF). Egfr and Notch signaling followed a similar trend as Csf1. 
These pathways are particularly salient with respect to the proin-
flammatory phenotype of YAP-Tg livers; Egfr is associated with mac-
rophage recruitment and activation (46, 47), whereas Jag1-Notch2 
signaling promotes a proinflammatory macrophage phenotype (48,  
49). Galectin signaling through Lgals9 and Cd44 was absent in YAP-
Tg livers, present in controls, and enriched in LATS KO. Galectin 
signaling promotes immune tolerance and maintains hepatic homeo-
stasis by balancing immune responses (50).

These analyses imply that hepatocytic YAP-Tg and LATS KO lead 
to similar levels of proliferation but differ in their ability to transdif-
ferentiate affected cells. YAP-Tg influences hepatocytes to favor a more 
stem-like cell state as compared to LATS KO cells. In addition, YAP-Tg 
drives enhanced macrophage recruitment and inflammatory activa-
tion, whereas LATS KO cells are associated with anti-inflammatory 
immune signaling. Combined, these activities likely lead to the prun-
ing of YAP-Tg cells by the immune system, despite similar prolifera-
tive levels between these two states.

Monocytes and T cells are rapidly recruited to YAP-Tg livers
To understand the complex spatial intercellular interactions intimat-
ed by the snRNA-seq analysis, we applied multiplexed error robust 
f﻿luorescence in situ hybridization (MERFISH), a high-resolution 
spatial transcriptomics method that allows direct imaging of RNA 
species within their native tissue environment (51, 52). Our probe 
set of 503 genes (table S2) was targeted to identify major cell types 
including cholangiocytes, hepatocytes, endothelial cells, fibroblasts, 
and immune cells. This approach enabled us to spatially resolve 
transcript distributions in the control and 1- and 4-week time points 
of YAP-Tg and LATS KO treatments (Fig. 4A and fig. S4A). We 
identified more than 2.19 million cells for analysis. We identified 
12 transcriptionally distinct clusters that were validated against our 
snRNA-seq dataset using key marker genes (Fig. 4, A to C, and 
fig. S4B).

As anticipated, control livers exhibited normal architecture with 
clear zonation and minimal immune infiltration (Fig. 4A, control). 
Hepatocytes could be grouped into their major subtypes by expres-
sion of canonical marker genes: periportal (Hal, Sds, and Cyp2r2), 

midzonal (Igfbp2), and pericentral (Oat, GluI, and Cyp2a5). Hepatic 
stem cells were characterized by a mixture of periportal hepatocyte 
and cholangiocyte markers (Sox9 and Notch2), without high gene 
expression representing cholangiocyte fate commitment (Krt7 and 
Krt19). In controls, hepatic stem cells represented 0.5% of all cells. 
However, as early as 1 week postinduction, YAP-Tg livers were dom-
inated by hepatic stem cells (54.2%) that were broadly distributed 
throughout the tissue and persisted at 4 weeks postinduction (37%;  
Fig. 4, A and D, YAP-Tg; and table S3). This seemed to come at the 
expense of all major hepatocyte sub-types as all these cell types were 
broadly reduced as compared to controls (Fig. 4D and table S3). He-
patic stem cells in LATS KO livers represented a small proportion 
of the liver as compared to YAP-Tg. They represented 0.6% of cells 
at 1 week and 5.6% at 4 weeks.

iHepSCs were identified by MERFISH in this dataset as well, al-
though at a rate much lower than by snRNA-seq. These cells had the 
highest expression of Ki67 of all cell types, akin to the snRNA-seq 
dataset. Our MERFISH probe set did not contain Foxm1 that ap-
pears to be a characteristic marker for this cell type and may sug-
gest that some hepatic stem cells are misclassified cells. Despite these 
caveats, iHepSCs were absent from controls, emerged in 1-week 
YAP-Tg livers (1.2%) and modestly increased at 4 weeks (2.1%). In 
contrast, iHepSCs were 0.1% at 1 week and 1.6% at 4 weeks in LATS 
KO livers.

With the distribution of these cells in mind, we questioned wheth-
er there were changes in the local cellular neighborhood composi-
tion between control, YAP-Tg, and LATS KO conditions. We applied 
a strategy that we previously described to examine local cellular 
neighborhood frequencies (53). Using the spatial coordinates of 
each labeled cell, we compute the frequency of a given cell type around 
a reference cell type of interest. These cell-type pairs allow us to de-
tect changes between conditions at the neighborhood microscale 
and understand local dynamics potentially mediating cell-cell inter-
actions (fig. S4C). The most profound shifts in cell-type associations 
occurred between the expanding epithelial populations and immune 
cells in the YAP-Tg and LATS KO conditions. We focused our sub-
sequent analysis on the prospective epithelial-immune cell interac-
tions (Fig. 4, D and E) to provide insights between the reference and 
neighboring cells in these conditions.

In controls, hepatic stem cells represented a rare population and 
infrequently colocalized with immune cell types of interest (0 to 7%). 
In YAP-Tg at 1 week, the frequency that monocytes associate with 
hepatic stem cells rose from 3% in controls to 44% (P = 5.69 × 10−35). 
At 4 weeks, they colocalize at 34% (P = 5.89 × 10−47). In LATS KO 
livers, these cells colocalize at comparatively lower frequencies 
(4% at 1 week and 17% at 4 weeks). When comparing between the 
YAP-Tg and LATS KO conditions, these cell types associate more 
frequently at 1 week (P = 3.11 × 10−45) and 4 weeks (P = 0.00) in the 
YAP-Tg condition.

Similar trends were observed when comparing the associa-
tions of other epithelial cell types that emerge in the YAP-Tg and 
LATS KO conditions (i.e., iHepSC and cholangiocytes) with im-
mune cells (Fig. 4E). The most significant associations between 
immune cells to epithelial cells were highest in YAP-Tg livers, sug-
gesting that YAP overexpression is consistent with relatively in-
creased immune infiltration. The proximity of these immune cells 
to the hepatic stem cells, iHepSCs, and cholangiocytes implies a 
greater likelihood of cellular cross-talk supporting the snRNA-seq 
CellChat analysis.
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Fig. 4. MERFISH reveals changes to liver architecture in YAP-Tg model. (A) Images of control (n = 1), YAP-Tg [1 week (n = 1) and 4 weeks (n = 1)], and LATS KO [1 week 
(n = 1) and 4 weeks (n = 1)] livers postinduction with AAV-Cre (1011 PFU per mouse). Images are overlaid with cell-cluster labels. (B) Bubble plots display relative expression 
of marker genes used to identify epithelial cell populations. (C) Bubble plots display relative expression of marker genes used to identify selected immune cell popula-
tions. (D) Proportion bar plot of periportal, midzonal, pericentral hepatocytes (Hep); cholangiocytes; hepatic stem cells; and iHepSC. wk, weeks. (E) Heatmap represen-
tation of cell-type pair proximity frequency in control, YAP-Tg, and LATS KO livers; selected epithelial and immune cells. The number and the shading intensity are 
representative of increasing frequency of proximity.
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YAP-Tg and LATS KO cells promote distinctive immune milieu 
associated with either cell elimination or 
immune suppression
Because immune cell recruitment and the interaction with YAP-
Tg– and LATS KO–activated cells appeared to be critical to their 
long-term persistence, we isolated CD45+ cells via FACS from either 
YAP-Tg (n = 2) or LATS KO (n = 2) livers 3 weeks after genetic ac-
tivation. From these sorted immune cells, we generated scRNA-seq 
libraries for analysis (Fig. 5A). In this way, we captured a larger num-
ber of immune cells, and a higher proportion of cellular transcripts 
were identified from these cells, particularly cytoplasmic transcripts 
which are lost in snRNA-seq.

After filtering and clustering, we obtained 40,575 single cells 
from these two conditions for analysis. Twelve major cell clus-
ters such as B, T, natural killer T (NKT) cells, neutrophils, monocytes, 
monocyte-derived KCs (MoKCs), and monocyte-derived macro-
phages (MoMacs) were identified through this process. A small but 
distinct highly-proliferative cell cluster was present in both settings 
that we labeled hematopoietic progenitors (Cd34HiGata2HiCd34Hi). 
In this dataset, we did not identify KCs in either our YAP-Tg or LATS 
KO populations. The only identified clusters with well-accepted KC 
markers (i.e., Clec4f, Timd4, and Vsig4) also contained gene expres-
sion associated with monocyte recruitment (i.e., Ccr2, Cx3cr1, and 
Ly6c2) (42, 54). Classical KC populations expressing only KC mark-
ers may exist within these livers, but they likely are masked within 
the large proportion of monocytes that are recruited to the YAP-Tg 
and LATKO livers and gradually adopt KC features. YAP-Tg livers 
demonstrated a larger proportion of T cells than LATS KO (28 versus 
21.7%, respectively), particularly naïve T cells (11.8 versus 2.5%, re-
spectively) (Fig. 5, B and C, and fig. S5A). Given that YAP-Tg livers 
recruit 35.5% more immune cells to the liver than LATS KO (fig. S3, 
C and D), this difference is particularly notable.

We then used CellChat to determine whether, within the YAP-Tg 
and LATS KO immune cells, there was significant cell-cell signaling 
that could support our hypothesis that YAP-Tg promotes proin-
flammatory signaling while LATS KO promotes an immune sup-
pressive environment. Proinflammatory signaling was present in 
both conditions, but the frequency and complexity of potential cell-
cell signaling within the YAP-Tg immune compartment for path-
ways such as tumor necrosis factor–α and interferon-γ were more 
prevalent. In contrast, potential interactions for Cd80/Ctla4 immu-
nosuppressive signaling occurred more frequently in the LATS KO 
livers (Fig. 5D).

From our spatial sequencing data, activated hepatocytes in both 
the YAP-Tg and LATS KO livers increase the frequency of their 
interaction with myeloid and T cells. To understand the potential 
shifts in these populations and their activity, we examined the my-
eloid and T cell compartments from the larger experiment, reclus-
tering them to generate finer subdivisions from which to understand 
the complex dynamics within the livers of these animals. The my-
eloid dataset included 14,290 cells, divided into 14 clusters (Fig. 5, E 
and F, and fig. S5B). YAP-Tg livers demonstrated a larger proportion 
of neutrophil-1/-2 than LATS KO (46.3 versus 27.0%, respectively), 
clusters that express high Il1β and Tnfα. MoKC clusters were mod-
estly enriched in the YAP-Tg condition (24.9 versus 20.7%), particu-
larly MoKC1 (15.9 versus 0.7%). These clusters express high levels 
of complement (C1qa, C1qb, and C1qc), suggesting that they may 
be phagocytosing target cells (55, 56). Gene set enrichment analysis 
(GSEA) of the MoKC1 population showed gene programs such as 

Cell Killing and CCR5 chemokine receptor binding to be favored in 
the YAP-Tg condition, while programs associated with Wound heal-
ing and metabolism were favored in LATS KO (fig. S6A).

The T cell subset contained 8413 cells forming 10 distinct clus-
ters (Fig. 5, F and G, and fig. S5C) after reclustering. As mentioned 
earlier, naïve T cells dominated the YAP-Tg T cell population that 
was amplified after separation from the B and myeloid cell popula-
tions (34.9 versus 6.3%). Reclustering allowed identification of in-
variant NKT cells (iNKT) and Cd8 T effector cells that were not 
apparent in the larger immune dataset. YAP-Tg livers expressed a 
high proportion of the iNKT (27.3 versus 8.8%) and CD8 T effector 
(12.9 versus 4.7%) cells. These cell types are known to mediate cell 
death (57–59) with their increased prevalence in the YAP-Tg condi-
tions, suggesting that it may play a role in their clearance. Using 
GSEA to annotate the gene sets associated with the iNKT2 and Cd8 
T effector subsets, we identified programs such as immune recruit-
ment, activation, and Regulation of Hepatocyte Apoptotic Process 
to be associated with YAP-Tg. Like the myeloid cell analysis, LATS 
KO was associated with metabolic gene sets and Positive Regulation 
of Hepatocyte Proliferation (fig. S6B). Together, YAP-Tg cells skew 
the immune milieu toward a proinflammatory environment primed 
toward mediating cell death.

CCR2-mediated inhibition promotes YAP-Tg 
clonal expansion
To explore the role of monocyte recruitment in the growth of YAP-
predominant cells, we treated YAP-Tg mice with either a vehicle or 
CCR2 antagonist (CCR2i). CCR2 is well established in its role as a 
monocyte chemoattractant and is necessary for the recruitment of 
inflammatory monocytes/MoMacs from the blood to local tissue 
sites (60, 61). YAP-Tg animals were injected with a single low-titer 
dose of AAV-TBG-Cre and given doxycycline-water for a period of 
4 weeks to induce YAP overexpression in a small number of hepa-
tocytes. Over the course of 4 weeks, animals were treated with a 
vehicle (control) or CCR2 inhibitor (CCR2i; Fig. 6A). Control and 
CCR2i livers did not significantly differ in gross morphology or 
percentage of liver/body weight (fig. S7, A and B). The macrophage 
marker F4/80 revealed an expected significant reduction in the 
CCR2i group with an average of 48.7 cells per HPF as compared to 
an average of 96.8 cells per HPF in controls (Fig. 6, B and C; P < 
0.01). We then isolated liver immune cells from these livers and 
analyzed them by flow cytometry. We gated on liver macrophages 
(Live+CD45+Ly6G−F4/80+) and examined them for their activation 
status by the proportion of macrophages displaying Ly6cHiMHClow 
(Fig. 6D) (18, 62). There was a modest decrease in activated macro-
phages in the CCR2i-treated livers (Fig. 6E; 51.2 versus 38.6%, 
P = not significant) consistent with our prior findings. Microscopic 
examination of these livers revealed stark differences in the number 
of tdTomato+ cells per field. In controls, there were 9.5 cells per 
HPF as compared to CCR2i with 60.2 cells per HPF (Fig. 5, D and 
E; P < 0.05). These findings implicate inflammatory monocyte re-
cruitment as a negative regulator of YAP-Tg induced clonal growth 
and persistence.

TAZHigh cancers are associated with the shortest length 
of survival
Epithelial YAP- and TAZ-predominant clones evoke distinct immune 
responses in mice, causing preferential clearance of YAP clones. We 
then considered whether a similar phenomenon occurs in human 
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Fig. 5. scRNA-seq of the YAP-Tg and LATS KO liver immune compartment demonstrates distinctive sets of immune cell recruitment. (A) CD45+ cells from 3 week 
activated YAP-Tg or LATS KO livers were isolated and subjected to scRNA-seq. Created in BioRender. D. Yimlamai (2026), https://BioRender.com/xuszqfe. (B) UMAP of 
40,575 cells from YAP-Tg (n = 2, 24,737 cells) and LATS KO (n = 2, 15,838 cells) livers. Cluster colors are maintained between (B) and (D). (C) Bar Chart showing proportion 
of cells in the indicated treatments from (B). (D) CellChat Interaction map of Ifnγ, Tnfα, and Ctla4 signaling in the indicated treatments. Cell types are indicated in the legend 
below. Arrows indicate the direction of signal and width indicates the relative magnitude of transcripts detected by scRNA-seq. (E) UMAP of myeloid subset showing 
14,290 cells from YAP-Tg (n = 2, 7438 cells) and LATS KO (n = 2, 6842 cells). Cluster colors are maintained between (E) and (F). (F) Bar Chart showing proportion of cells in 
the indicated treatments from (E). (G) UMAP of T cell subset showing 8413 cells from YAP-Tg (n = 2, 5788 cells) and LATS KO (n = 2, 2625 cells). Cluster colors are maintained 
between (G) and (H). (H) Bar Chart showing proportion of cells in the indicated treatments from (G). TH2, T helper 2.

https://BioRender.com/xuszqfe
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Fig. 6. Monocyte antagonism results in expanded YAP-Tg clone formation. (A) Schematic of experimental setup; YAP-Tg mice were treated with vehicle control or 
RS102895 (CCR2i) and harvested after 4 weeks. Created in BioRender. D. Yimlamai (2026), https://BioRender.com/dcwskw2. (B) Representative images of F4/80 immunos-
taining cells in the indicated conditions. Scale bar, 90 μm. (C) Violin plot of F4/80+ cells per HPF for conditions noted in (B) (n = 4 animals per group; Student’s unpaired t 
test). (D) Schematic of flow sorting and measurement of macrophages (F4/80+) and their ratio of Ly6c and major histocompatibility complex (MHC) II expression. Partially 
created in Adobe Illustrator and BioRender. D. Yimlamai (2026), https://BioRender.com/elg0f3u. (E) Bar plot of F4/80+Ly6cHiMHClow expression from the indicated treat-
ments. (F) Representative images of Red Fluorescent Protein immunostaining cells in the indicated conditions. Scale bar, 200 μm. (G) Violin plot of TdTomato+ cells per HPF 
for conditions noted in (C) (n = 4 animals per group). n.s., not significant; *P < 0.05; **P < 0.01.

https://BioRender.com/dcwskw2
https://BioRender.com/elg0f3u
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cancer and whether YAP or TAZ predominance leads to differenc-
es in patient outcomes. Using clinical patient information and their 
associated bulk RNA-seq data from The Cancer Genome Atlas 
(TCGA) (63, 64), we stratified subjects into groups on the basis of 
their tumor’s normalized relative expression of YAP and TAZ (top 
30% or bottom 30%).

Patients with CRC were stratified into three groups: YAPHighTAZLow 
(YAPHigh), YAPLowTAZHigh (TAZHigh), and YAPLowTAZLow (YTLow). 
Patients with YAPHigh CRC had a 67% 5-year survival rate, whereas 
patients with TAZHigh CRC did not survive to 5 years. TAZHigh patients 

had a median survival time of 36.5 months. At 3 years, 100% of 
CRC YAPHigh and YTLow groups survived as compared to 58% of the 
TAZHigh CRC group (P = 0.043; Fig. 7A). Similar trends were observed 
in an HCC cohort. The survival probability of patients with TAZHigh 
HCC was 0% at 5 years but above 59% in both the YAPHigh and YTLow 
groups (P = 0.38; Fig. 7B).

We then investigated whether, in CRC, immune modulatory pro-
grams were present in the YAPHigh and/or TAZHigh patient tumors as 
in our mouse models. GSEA using Gene Ontology (GO) pathways 
revealed that the YAPHigh group was enriched for programs related to 
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Fig. 7. High tumor YAP expression is correlated with immune activation and improved prognosis in CRC and HCC. (A) Kaplan-Meier survival plot of patients with 
CRC stratified into YAPHigh (n = 43), TAZHigh (n = 45), and YTLow (n = 45) groups. P value calculated by Kaplan-Meier log-rank test. (B) Kaplan-Meier survival plot of patients 
with HCC stratified into YAPHigh (n = 67), TAZHigh (n = 72), and YTLow (n = 26) groups. P value calculated by Kaplan-Meier log-rank test. (C) Gene Ontology (GO) pathway 
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cell death and immune stimulation such as apoptotic cell clearance, 
myeloid leukocyte activation, and T cell activation (Fig. 7C). This 
pattern was not mirrored in the TAZHigh group, which was enriched 
for pathways related to energy and cholesterol metabolism. Overall, 
these findings suggest that an immune-stimulatory gene expression 
program is associated with YAPHigh cancers leading to comparatively 
improved patient survival to TAZHigh cancers.

DISCUSSION
The Hippo signaling pathway was originally discovered through ge-
netic and biochemical screens to identify regulators of cell prolifera-
tion (65–67). Through this process, yorkie was revealed to act as a 
primary gatekeeper to the pathway. Genes are commonly duplicated 
through evolution, but preserving these genes in their original state 
is disadvantageous. Duplicated genes must diverge to assume new 
essential roles, justifying their maintenance. In vertebrates, YAP and 
TAZ emerged from yorkie (3) and are referred interchangeably, be-
cause they can be exchanged in many cellular assays. This perceived 
uniformity masks potentially important differences in the two.

Here, we combined targeted gene overexpression and lineage 
tracing with a multiomic approach to uncover nonredundant fea-
tures of YAP and TAZ in vivo. Using the murine liver as a model, we 
up-regulated either YAP or TAZ in adult hepatocytes. The LATS KO 
used in this work is commonly accepted as a model for the effects of 
YAP/TAZ overexpression (19–22). Our discovery that, in the liver 
context, recombined LATS KO hepatocytes predominantly express 
TAZ and down-regulates YAP after 2 weeks was unexpected. Prior 
studies primarily focused on the initial proliferative burst that YAP/
TAZ provide, so the possibility that YAP was absent at later time 
points may not have been fully appreciated. Recognizing that YAP is 
much larger than TAZ and contains several phosphorylation sites 
and domains not present on the other (15, 68), it is easier to appreci-
ate that these molecules may be regulated differently to serve dis-
tinct purposes. Whether this effect of LATS KO on YAP and TAZ 
expression is consistent in other contexts remains to be determined.

This work demonstrates that the TAZ-predominant clones pro-
duced by LATS KO result in a notable morphological growth pheno-
type that was not mirrored when we generated similar clones driven 
by YAP. Several mechanisms are at play in the development of these 
growth differences. First, YAP-predominant cells rapidly lose their 
hepatocyte identity, undergoing transcriptional reprogramming 
toward a stem-like fate characterized by the expression of markers 
of hepatobiliary stemness like Sox9 and Krt8, in addition to up-
regulation of Foxm1. Foxm1 regulates genes involved in DNA repli-
cation and cellular proliferation, whereas its up-regulation in cancer 
has implicated it as a potential oncogene (69–72). This fate change 
was associated with the expression of many interferon-associated 
genes [i.e.,interferon regulatory factor 9 (IRF9), interferon-stimulated 
gene 15 (ISG15), and interferon-gamma-induced GTPase (IGTP)] 
that may be stimulating an antigrowth response and the produc-
tion of several ligands (i.e., Jag1, Csf1, and Egf ), which could recruit 
and activate blood-derived monocytes to the liver. The rise of this 
epithelial-stem compartment coincided with an expanded immune 
compartment and evidence of increased cell-cell communication 
with monocytes, KCs, and T cells.

In contrast, TAZ-predominant clones largely did not undergo a 
fate change and instead expressed genes associated with an immu-
nosuppressive phenotype (i.e., Ctla4 and Tigit). Classically, Ctla4 is 

expressed in regulatory T cells (Treg cells) and activated T cells to 
down-regulate immune responses (25). It is also found in tumor cells 
(27) where its secretion of a soluble Ctla4 constrains T cells to noncy-
totoxic states (69–72). Likewise, intrinsic expression of Tigit by mu-
rine tumor cells promotes inhibitory natural killer and T cell signaling 
(73, 74), a mechanism likely at play in TAZ-predominant cells. Sup-
porting these findings was the expression of Treg cell markers (i.e., 
Foxp3, Il2ra, and Ctla-4) within the broader T cell population in livers 
that overexpress nuclear TAZ. In addition, we observed up-regulation 
of effector Treg cell markers (i.e., Icos, Pd-1, and Cd44), a transcription-
al profile shown to infiltrate tumors and promote their growth (75).

Of the immune cells recruited by these models, we focused on 
monocytes and macrophages that are important in rewiring the cel-
lular microenvironment (76–78). Both the YAP-Tg and LATS KO 
models are associated with increased immune infiltration, but the 
YAP-Tg model had an overall higher proportion of immune cell re-
cruitment. Acute reduction in monocyte recruitment demonstrated 
a profound improvement in YAP-stimulated growth, supporting 
their role as a key brake limiting excessive cellular growth. Together, 
these findings suggest that recruited immune cells act in concert 
to limit YAP clonal expansion and support the notion that TAZ-
predominating clonal expansion is aided by the development of an 
immunosuppressive microenvironment.

The mechanism by which common, YAP-, or TAZ-predominant 
targets are activated or inactivated remains a major unanswered ques-
tion. Several portions of these molecules such as the TEAD binding 
and WW domains of these molecules are highly conserved, but other 
portions, such as the disordered portions of these molecules, show 
significant divergence (15, 68). Proteins with disorganized regions such 
as YAP/TAZ are thought to participate in complementary protein-
protein interactions to generate membraneless structures that orga-
nize biological functions. Also termed, bimolecular condensates or 
phase separation is a recently described mechanism to guide tran-
scriptional specificity (79, 80). Both YAP and TAZ have been reported 
to participate in this process (81, 82). YAP and TAZ phase separate in 
the nuclei upon activation, such as changes in cell-cell contact. YAP-
phase condensates include TAZ (81), but TAZ-phase condensates 
can exclude YAP (82). Understanding how this selectivity occurs and 
whether it drives the phenotypes described above is potentially a key 
strategy to advance regenerative/oncologic therapy.

Our finding that YAP and TAZ activation drives distinct immune 
environments in vivo and is associated with differential patient sur-
vival in YAPHigh and TAZHigh cancers, suggests further investigation in 
the epithelial properties and the immunoreactivity these molecules 
stimulate should be examined more closely. We noted the presence of 
Ctla4 and Tigit in the context of LATS KO. Would TAZ-predominant 
tumors respond to immune checkpoint molecules that target this or 
similar molecules? Is it beneficial in CRC or HCC to induce YAP ex-
pression when the expression of this molecule is low? Would it lead 
to an immunostimulatory environment leading to their clearance? 
Whether the findings that we describe here can be replicated in larger 
or independent cohorts remains to be examined.

There is significant interest in developing strategies to up-regulate 
YAP/TAZ activity (83) and target their downstream transcriptional 
activity (84–86). Now, these approaches target the common, well-
ordered TEAD binding domain and are rapidly progressing through 
clinical trials. From this work, developing novel discriminating com-
pounds for modulating YAP-TEAD or TAZ-TEAD activity may be 
an independent complementary therapeutic strategy for cancer.
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MATERIALS AND METHODS
Mouse lines
C57BL/6J, LATS1/2fl/fl (87) (Jackson Laboratories, Bar Harbor, ME), 
and tetracycline-inducible Yap-S127A (TetOYAP/YAP-Tg) (17) were 
used in this study. Experiments were started at 8 to 12 weeks of 
age. Sequencing analysis was performed only with male mice. All 
mouse procedures and protocols were approved by Yale University’s 
Institutional Animal Care and Use Committee under protocol no. 
2023-20348.

AAV gene delivery, YAP overexpression, and LATS1/2 KO
Adeno-associated virus (AAV8)–thyroid hormone-binding globu-
lin (TBG)–cyclization recombinase (Cre) (AAV-Cre; Addgene) was 
delivered to the indicated genotypes retro-orbitally at 1011 plaque-
forming units (PFU) per mouse. To induce expression of TetOYAP, 
3 days after AAV-Cre injections, mice were given doxycycline (1 mg/
ml) ad libitum in drinking water. These mice are referred to as “YAP-
Tg” in the text. To remove LATS1/2 from mice, a similar dose of 
AAV-Cre was given to LATS1/2fl/fl mice.

Tissue preparation, immunohistochemistry, and RNA 
in situ hybridization
Tissue was fixed overnight in 10% buffered formalin (Fisher Scientif-
ic) and embedded in paraffin for sectioning. For picrosirius red stain-
ing, tissue sections were rehydrated and incubated with 0.1% Direct 
Red (MilliporeSigma) and 0.08% Fast Green FCF (MilliporeSigma) in 
saturated picric acid (MilliporeSigma) for 1 hour. For immunohisto-
chemistry, tissue sections were rehydrated and Citrate-based Un-
masking Solution (Vector Labs) was used before staining. Images 
were taken with Revolve microscope (Echo).

RNA-seq analysis of previously published ApoE-YAP 
versus LATS KO
Data were downloaded from the Gene Expression Omnibus (GEO) 
under the accession number GSE211459 (liver, Yap hyperactivation). 
Raw count data were downloaded from the GEO supplementary file 
(GSE211459_YapHyper_Counts.txt.gz) and loaded into R. Gene lev-
el counts were extracted from the supplementary file. Experimental 
group labels (control, YAP-OE, LATS KO) were assigned to each of 
the samples based on information in the metadata. To improve data 
compatibility with downstream analysis tools, mouse gene symbols 
were converted to human orthologs using the convert_mouse_to_
human_symbols() function from the nichenetr package (88). Any 
genes that could not be converted were excluded from further down-
stream analysis. For genes with duplicate symbols, the most variable 
symbol (based on interquartile range) was stored and used for further 
processing. The final cleaned expression matrix was converted to nu-
meric values while gene symbols were set as row names. The voom 
transformation from the limma package (89) was used to normalize 
the data after creating a DGE-list with the edgeR package (90). The 
normalized data were then used for analysis to generate heatmaps 
and were further applied to IPA for enrichment analysis.

scRNA-seq library preparation and data analysis
Single lobes were isolated from mouse liver and snap frozen in liquid 
nitrogen. On the day of nuclei isolation, snap-frozen samples were 
gently split with a razor blade to yield small chunks of ~8 to 10 mm 
in diameter. Homogenization buffer (HB) was prepared as described 
(91). The sample was placed in a 1.5-ml tube with 750 μl of HB [0.1% 

Triton X-100, 1 μM dithiothreitol, 242.25 mM sucrose, 24.23 mM 
KCl, 4.85 mM MgCl2, 9.69 mM tris (pH 8.0)] and then dounced five 
times with a loose pestle and 10 times with a tight pestle. The sample 
was then transferred to a fresh tube, and 250 μl of HB was added 
before incubation on ice for 5 min. The homogenized sample was 
then filtered through a 100-μm cell strainer (Corning). Filtrate was 
then passed through the 35-μm strainer cap of a polystyrene test 
tube (Corning). The sample was spun down at 500g for 5 min at 
4°C. Density gradient purification was performed with OptiPrep 
Density Gradient Medium (Sigma-Aldrich).

Samples were fixed and permeabilized using the Parse Biosciences 
Evercode Fixation kit v2 according to the manufacturer’s instructions. 
Samples were then stored at −80°C until needed for library prepara-
tion. Libraries were prepared using a Parse Biosciences Evercode 
Whole Transcriptome v2 barcoding kit according to the manufactur-
er’s instructions as described in Evercode user manual v2.2.2. Libraries 
were sequenced at the Yale Center for Genome Analysis on the Nova-
SeqX, 100–base pair paired-end sequencing. Downstream statistical 
analyses were performed by R package Seurat. Nuclei with more than 
400 genes expressed and less than 5000 count were regarded as valid 
nuclei for the downstream analysis. Normalization via SCTranfsorm, 
SCT integration, UMAP dimension reduction, and gene clustering/
annotation analyses were performed on the valid cells. In addition, R 
package Monocle3 was applied to construct single-nucleus trajecto-
ries. On the basis of the Seurat processed data, a trajectory graph was 
inferred, and the single nuclei were ordered on a pseudo timescale.

Tissue processing, sample preparation, imaging, and data 
analysis for MERFISH
All MERFISH sample preparation was performed under ribonucle-
ase (RNase)–free conditions. Frozen embedded livers were cryo-
sectioned at 10-μm thickness at −16°C and mounted onto room 
temperature (RT) MERSCOPE beaded coverslips (Vizgen). After 
adherence, sections were refrozen for 5 to 15 min and then fixed in 
4% paraformaldehyde (PFA) diluted in 1× phosphate-buffered sa-
line (PBS) for 15 min. Sections were washed three times with 1× 
PBS for 5 min each and then stored in 70% ethanol (EtOH) over-
night at 4°C to permeabilize the tissue. Sections were stored in 70% 
EtOH for a maximum of 3 weeks.

Sample preparation was performed using the sample prep kit 
(Vizgen) and Vizgen manufacturer’s instructions for unfixed tissue. 
First, for cell boundary staining, sections were washed with 1× PBS, 
incubated in blocking solution (RNase inhibitor, New England Bio-
labs) in Cell Boundary Blocking Buffer Premix (Vizgen) for 1 hour 
at room temperature, incubated in primary staining solution (Cell 
Boundary Primary Staining Mix, Vizgen) in blocking solution for 
1 hour at room temperature, washed three times with 1× PBS for 
5 min each on a rocking platform, incubated in secondary staining 
solution [3:100 Cell Boundary Secondary Staining Mix (Vizgen) in 
blocking solution] for 1 hour at room temperature, washed three 
times with 1× PBS for 5 min each on a rocking platform, fixed in 4% 
PFA diluted in 1× PBS for 15 min, and washed two times with 1× 
PBS for 5 min, each. Next, sections were washed with the Sample Prep 
Wash Buffer (Vizgen), incubated in the Formamide Wash Buffer 
(Vizgen) for 30 min at 37°C, and then incubated in the gene panel mix 
for 42 to 46 hours at 37°C. Sections were then incubated two times in 
the Formamide Wash Buffer for 30 min each at 47°C and washed with 
sample prep wash buffer for at least 2 min. Sections were coated in gel 
embedding solution [0.05% w/v ammonium persulfate, 0.05% v/v 
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N,N,N′,N′-tetramethylethylenediamine in Gel Embedding Premix 
(Vizgen)] and incubated at RT for 1.5 hours, cleared in 1:5 concen-
tration proteinase K in Clearing Premix (Vizgen) at 37°C, and then 
stored in 1:100 proteinase K in Clearing Premix at 37°C overnight or 
for a maximum of 7 days to clear lipids and proteins that may con-
tribute to autofluorescence background noise.

Before imaging, sections were washed two times with the Sam-
ple Prep Wash Buffer, incubated in 4′,6-diamidino-2-phenylindole 
(DAPI) and PolyT Staining Reagent (Vizgen) for 15 min on a rock-
ing platform, incubated in the Formamide Wash Buffer for 10 min, 
and washed again with the Sample Prep Wash Buffer.

Imaging was performed on the MERSCOPE platform (Vizgen) 
according to the manufacturer’s instructions. Briefly, samples were 
loaded into the flow chamber of the instrument and the desired region 
for imaging was selected using a low-resolution mosaic of DAPI and 
Poly-T stains. Samples were then imaged at high resolution with a 
seven-plane z-stack and 1.5-μm spacing between adjacent z-planes to 
capture the entire 10-μm thickness of the tissue sections. Samples were 
then automatically imaged according to MERSCOPE imaging presets.

The average of the median volume was calculated across all the 
libraries, and the large cells with greater than three times of the aver-
age volume were filtered out. Next, the doublets were removed using 
tool Scrublet (92). Then, the processed data were further analyzed 
using Seurat (93). Per library, the gene-by-cell count matrix was 
normalized, followed by the reference mapping to the correspond-
ing snRNA-seq dataset for cell annotation. Furthermore, the spatial 
cell-cell interaction analysis was performed using CellChat (43) and 
cell level proximity analysis (53). Briefly, we define a cell spatial 
neighborhood as the cells within five times the median distance of 
pairwise neighbor cells. As a result, per cell type, the proportions of 
interactions with all the other cell types were calculated.

Treatment of mice with CCR2 antagonist
Adult mice (6 to 8 weeks of age) were administered RS102895 (Med-
ChemExpress) via oral gavage at a concentration of 10 mg/kg or the 
same volume of vehicle (25% dimethyl sulfoxide in drinking water) 
daily for 28 days. Mice were euthanized and livers were harvested/
processed up to 24 hours after the final drug/vehicle administration.

Transcriptional analysis of TCGA patient survival data
TCGA data were retrieved using the RTCGA package (94). Samples 
were stratified by YAP/TAZ expression with the top 30% defined as 
high and the bottom 30% as low. Survival analysis and Kaplan-Meier 
plots were generated using the survival and survminer R package. 
The Kaplan-Meier log-rank test was used to compare the survival 
curves of the YAPHigh, TAZHigh, and YTLow groups. Differentially ex-
pressed genes were identified using DESeq2 (95), and GO pathway 
enrichment analysis was performed with clusterProfiler (96).
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