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Unlike other epithelial cancer types, circulating tumor cells (CTCs)
are less frequently detected in the peripheral blood of non–small
cell lung cancer (NSCLC) patients using epithelial marker–based
detection approaches despite the aggressive nature of NSCLC.
Here, we demonstrate hexokinase-2 (HK2) as a metabolic function–
associated marker for the detection of CTCs. In 59 NSCLC patients
bearing cytokeratin-positive (CKpos) primary tumors, HK2 enables
resolving cytokeratin-negative (HK2high/CKneg) CTCs as a prevalent
population in about half of the peripheral blood samples with
positive CTC counts. However, HK2high/CKneg tumor cells are a minor-
ity population in pleural effusions and cerebrospinal fluids. Single-
cell analysis shows that HK2high/CKneg CTCs exhibit smaller sizes but
consistent copy number variation profiles comparedwith CKpos coun-
terparts. Single-cell transcriptome profiling reveals that CK expression
levels of CTCs are independent of their epithelial-to-mesenchymal
transition (EMT) status, challenging the long-standing association be-
tween CK expression and EMT. HK2high/CKneg CTCs display metastasis
and EGFR inhibitor resistance-related molecular signatures and are se-
lectively enriched in patients with EGFRL858R driver oncogenemutation
as opposed to EGFR19Del, which is more frequently found in patients
with prevalent CKpos CTCs in the blood. Consistently, treatment-naïve
patients with a larger number or proportion of HK2high/CKneg CTCs in
the blood exhibit poor therapy response and shorter progression-free
survival. Collectively, our approach resolves amore complete spectrum
of CTCs in NSCLC that can potentially be exploited to identify patient
prognosis before therapy.

hexokinase-2 | circulating tumor cells | liquid biopsy | single-cell
sequencing | non–small cell lung cancer

Circulating tumor cells (CTCs) are known to spread from
primary sites through blood circulation and other body fluids

to seed distant metastases, the main cause of cancer-related
deaths (1). The presence of CTCs correlates with increased met-
astatic propensity and burden; consequently, CTCs are widely
considered as one of the most promising biomarkers for hema-
togenous metastases (2). Due to the extreme rarity of CTCs and
the epithelial nature of many cancers, the epithelial cell adhesion
molecule (EpCAM) and different members of the cytokeratin
(CK) family are frequently employed for candidate CTC enrich-
ment and identification prior to subsequent characterization
(3–5). The EpCAM/CK-based detection strategy has been adop-
ted by the most commonly used Food and Drug Administration–
cleared CellSearch system for CTC enumeration, although this
procedure has intrinsic limitations in detecting CTCs from non-
epithelial malignancies (4).
While the CellSearch system provides reliable performance in

breast, prostate, and colorectal cancers (3, 4), CTCs are much

less frequently observed in peripheral blood of non–small cell
lung cancer (NSCLC) patients when compared to other epithe-
lial cancers using EpCAM/CK-based methods despite the highly
aggressive nature of NSCLC (5–8). Previous studies reported
CTC-positive rates among 21 to 40.8% of NSCLC patients using
CellSearch-like systems, and frequently, no CTCs were detected
in the blood for early-stage patients with localized disease (6, 9,
10). However, a significant portion of these early-stage patients
with resectable tumors and few or no detectable CTCs develop
metastatic relapse. These data suggest that significant pop-
ulations of NSCLC CTCs that express low or no EpCAM or CK
may exist but escape detection by these epithelial markers. While
the introduction of mesenchymal markers such as N-Cadherin or
Vimentin might help increase the coverage, these CKneg

(or EpCAMneg) CTCs may not always have a concurrent expression
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This work demonstrates that HK2-based assay can resolve a
novel HK2high/CKneg CTC population with consistent genomic
CNV but distinct transcriptome signatures compared to the
CKpos counterpart in NSCLC patients. CK expression levels are
found independent of cellular EMT status in these CTCs and
may be related to distinct dissemination mechanisms in dif-
ferent types of body fluids. Selective association of CK sub-
types in CTCs with patient EGFRmutation types may contribute
to suboptimal EGFR inhibitor therapeutic efficacy in EGFRL858R

mutant tumors, enabling prediction of patients with poor
prognosis before therapy. More generally, HK2, as a metabolic
function–associated marker, is likely to be useful in identifying
CTCs from patients with a wide variety of cancers, independent
of epithelial traits.
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of mesenchymal markers. Moreover, the presence of reactive
mesenchymal stromal cells, tumor-derived circulating endothelial
cells, and hematopoietic cells of mesenchymal origin compromise
the specificity of these mesenchymal markers (3, 11–13). Ideally,
to achieve a full spectrum for CTC detection in NSCLC, a marker
that exploits a common feature of all cancer cells is desired.
Our approach to identifying and validating an NSCLC CTC

marker arises from an aberrant function present in cancers of
many different origins. A key hallmark of many cancers is the
capacity to metabolize glucose at an elevated rate. This capacity
has been exploited clinically by positron emission tomography
(PET) for cancer diagnosis (14). The first enzymatic step of
glycolysis, critical to the elevated glucose metabolism observed in
most cancer cells, is the phosphorylation of glucose catalyzed by
hexokinase (HK) (15). Four HK enzymes, HK1, HK2, HK3, and
HK4 (glucokinase), have been identified in mammals. Glucokinase
is expressed primarily in the liver. HK1 is expressed in the cells of
many normal tissues. While HK2 is expressed in embryonic tissues
and a few normal cells (muscle or adipose tissue), most normal cells
express little or undetectable HK2. In contrast, HK2 is expressed at
substantial levels in a wide range of cancers, including cancers of
both epithelial and nonepithelial origins (15–18). The high level of
HK2 expression and activity in glycolytic tumor cells revealed in
PET imaging through the increased conversion of 18F-FDG to
18F-FDG-6P has been associated with poor overall survival in
cancer patients (19). Given its selective expression in cancer cells
and its relatively restricted expression in normal adult tissues, HK2
is a potential marker to discriminate highly glycolytic CTCs, inde-
pendent of their expression levels of commonly used epithelial or
mesenchymal markers, from other cell types in liquid biopsies.
Here, we investigate the utility of single-cell HK2 immunologic

detection as a glycolytic activity–associated marker to identify
CTCs in peripheral blood and other body fluids from lung ade-
nocarcinoma (LUAD) patients. The HK2 marker, in combination
with CK and CD45, allowed the detection of a greater spectrum of
CTCs at a higher detection rate than traditional CellSearch-like
systems relying on epithelial markers. HK2 analysis identified an
HK2high/CKneg CTC population that is overlooked by the tradi-
tional EpCAM/CK-based detection strategy. This population was
enriched in many peripheral blood samples but rarely detected in
malignant pleural effusion (MPE) and cerebrospinal fluid (CSF).
Physical and molecular features were compared at the single-cell
level between CKpos and CKneg tumor cell populations, which
revealed metastasis and therapy resistance–related transcriptome
signatures in CKneg cells. In line with these findings, patients with
prevalent CKneg CTCs were found to be associated with a specific
EGFR mutation genotype and poor prognosis. More generally,
the HK2 marker is likely to be useful in identifying CTCs from
patients with a wide variety of cancers.

Results
Principle of HK2-based CTC Identification. In contrast to normal
tissues that primarily use HK1 for glycolysis, many tumors ex-
press elevated levels of HK2 (15–18). High levels of HK2 ex-
pression are observed in a wide range of cancer cell lines derived
from tissues of different origins (Fig. 1A). HK2 expression,
generally believed to be a driver of increased glycolysis in tumors
(15), is evaluated here to detect CTCs in three types of liquid
biopsy samples from lung cancer patients.
The overall strategy of the HK2-based CTC identification

assay is illustrated in Fig. 1B. Briefly, a RosetteSep CTC En-
richment Mixture in combination with density gradient centri-
fugation is used to remove red blood cells and platelets followed
by depletion of CD45pos cells. Enriched cells are recovered and
applied into a polydimethylsiloxane (PDMS) microwell chip with
tens of thousands of addressable microwells for on-chip cell
fixation, permeabilization, and immunostaining of HK2, pan-CK
(CK7/8), CD45, and 4′,6-diamidino-2-phenylindole (DAPI),

followed by washing and imaging. CK7 and CK8 are highly
expressed cytokeratins in NSCLC and are commonly used in the
cytopathological analysis of LUAD tumors. To avoid cell loss
during on-chip operations, a porous membrane is used to seal the
chip after cell loading and prior to immunostaining. Putative CTCs
including CD45neg/HK2high/CKpos, CD45neg/HK2high/CKneg, and
CD45neg/HK2low/CKpos cells are identified based on the calculated
fluorescence cutoffs. While the CD45neg/HK2low/CKneg cell
population may contain some CTCs with potentially low glycolytic
activities, there also exist in this population confounding cell types
that include CD45neg immune cells (e.g., plasma cells), circulating
endothelial cells, mesothelial cells (in MPE), and dying CTCs (SI
Appendix, Fig. S1). Consequently, they are excluded from our
analysis. All the putative CTCs are then retrieved individually by a
motorized micromanipulator, based on recorded addresses, for
single-cell sequencing to determine the malignancy of each cell
(Fig. 1B).
As a proof-of-concept demonstration, we spiked tumor cells

from two representative LUAD cell lines known to express
substantial levels of HK2 into 5 mL of healthy donor blood and
then followed with CTC enrichment and the on-chip immunos-
taining protocol described above. Successive dilutions of the
spiked H1975 and HCC827 cells indicated consistent 55 to 65%
recovery rates for 15 or more spiked cells (SI Appendix, Figs. S2
and S3), close to the recovery rates obtained by other commer-
cial systems (CellSearch, VTX-1, etc.) using the same cell lines
(20–22). We found that HK2 staining colocalized with mito-
chondrial staining (Fig. 1C) (15). The average HK2 fluorescence
signals of the spiked H1975 and HCC827 cells are approximately
fivefold greater than those of leukocytes (Fig. 1D). A cutoff line
defined by the average HK2 signal plus five times the SD of
CD45pos leukocytes can segregate all leukocytes from spiked
cancer cells (Fig. 1D). In subsequent analyses of biological fluids
from LUAD patients, we designated levels greater or smaller
than this cutoff value to be HK2high or HK2low. Additionally,
leukocytes are normally deemed CK7/8neg (23); consequently,
their average background signal of CK plus five times the SD can
cover the signal range of almost all leukocytes and was set as the
cutoff for gating CKneg from CKpos cells (Fig. 2A).

HK2high/CKneg CTCs as a Prevalent Phenotype in About Half of
Peripheral Blood Samples of LUAD Patients. Having confirmed el-
evated HK2 levels in multiple cell lines including LUAD lines,
we applied this method to interrogate peripheral blood samples
from a cohort of 50 treatment-naïve stage III/IV LUAD patients
(SI Appendix, Tables S1 and S2). Putative CTCs were detected
through a combination of HK2, pan-CK (CK7/8), DAPI, and
CD45 staining based on the marker criteria discussed above,
followed by validation with single-cell sequencing of genome-wide
copy number variation (CNV) profiles. Although all the patients
were bearing CKpos primary tumors, two typical CTC subtypes
were identified in the blood samples. For Patient 1 (P1), a total
of 70 putative CTCs were identified in 5 mL of blood, including
51 HK2high/CKneg/CD45neg cells, 18 HK2high/CKpos/CD45neg

cells, and 1 HK2low/CKpos/CD45neg cell (Fig. 2 A and B and SI
Appendix, Table S1). These putative CTCs were all DAPI posi-
tive, and ∼73% of them exhibited a CKneg subtype with high
HK2 staining. In contrast, for P2, a total of 120 putative CTCs
were identified in 5 mL of blood, including 117 HK2low/CKpos/
CD45neg cells, 2 HK2high/CKpos/CD45neg cells, and 1 HK2high/
CKneg/CD45neg cell (Fig. 2 A and B and SI Appendix, Table S1).
Around 99% of detected CTCs exhibited a CKpos subtype, and
97.5% showed low HK2 staining. Remarkably, the sizes of CKpos

CTCs were statistically larger than those of CKneg CTCs in P1
and P2 blood samples (Fig. 2C).
Single-cell CNV analysis allowed us to survey the entire ge-

nomic landscape and determine the malignancy (i.e., the cancer
cell genotype) of the putative CTCs at single-cell precision based
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on chromosomal gains and losses of each cell. The CNV profiles
of 16 randomly selected CTCs of P1 displayed largely repro-
ducible copy number alterations across the genome, distinct from
leukocytes (Fig. 2D). The copy number gain in chromosome 9
and loss in chromosome 13, in particular, were recurrent across
nearly all the putative CTCs sequenced. Such reproducible
global CNV profiles were shared in 100% of sequenced HK2high

cells regardless of their CK levels, confirming the tumor origin of
these cells. Likewise, all sequenced putative CTCs from P2 dis-
played reproducible gain and loss in CNV patterns, independent
of CK or HK2 levels (Fig. 2D). Single-cell sequencing results
from six additional patients also showed highly reproducible
CNV patterns across all the sequenced putative CTCs within a
patient, attesting the malignancy of these cells (SI Appendix, Fig.
S4). Taken together, these results validate the high specificity of
this marker combination (i.e., CD45neg/HK2high/CKpos/neg and
CD45neg/HK2low/CKpos) in detecting CTCs in LUAD patient
blood samples.
Among the 50 LUAD patients, CTCs were detected in 72%

(≥1 CTC in 5 mL blood) or 66% (≥2 CTCs in 5 mL blood) of
patients based on our markers (Fig. 2E and SI Appendix, Table
S1). A CTC number ≥5 in 5 mL of blood was detected in ∼44%
of patients. In contrast, only 21 to 54.4% of NSCLC patients
were detected to have ≥1 CTC (or 21 to 40.8% for ≥2 CTCs) in
7.5 mL blood using EpCAM/CK-based approaches in previous
studies (SI Appendix, Table S3) (6, 9, 10, 24–27). A CTC num-
ber ≥5 in 7.5 mL of blood was detected in only 9 to 19.2% of
patients in those studies (6, 10, 27). In addition, our assay
showed a clear reproducibility in CTC enumeration with a near
unity Pearson correlation coefficient (CC = 0.995, P < 0.0001)
between measurements of duplicate blood draws across seven

NSCLC patients (SI Appendix, Figs. S5 and S6). In line with the
high assay specificity verified by single-cell CNV analysis, no
CTCs were detected in any of the blood samples acquired from
30 healthy donors (Fig. 2E and SI Appendix, Table S4). Inter-
estingly, while the CNV profiles of CTCs from the same patient
displayed a high consistency, clear heterogeneous CNV patterns
were observed in CTCs from different patients (SI Appendix, Fig.
S7). For patients with positive CTC counts, HK2high/CKneg CTCs
were detected in ∼81% of these patients and were the prevalent
phenotype (>50% of total CTCs in a patient) in 47% of them
(Fig. 2E and SI Appendix, Table S1). Around 31% of the patients
with positive CTC counts had only HK2high/CKneg CTCs de-
tected in their blood samples. These cells were not accessible to
EpCAM/CK-based detection approaches. Consequently, the use
of the glycolytic activity–associated HK2 assay can achieve a
higher CTC detection sensitivity and a broader CTC spectrum
than the traditional EpCAM/CK-based approach used by CellSearch-
like systems, which was further confirmed by a side-by-side comparison
between these two approaches across seven NSCLC patients (SI
Appendix, Figs. S8 and S9). These results prompted us to in-
vestigate whether other types of liquid biopsies from LUAD
patients, such as MPE and CSF, contain a significant portion of
CKneg disseminated tumor cells.

HK2high/CKneg Tumor Cells as a Minority Phenotype in MPE and CSF
Samples from LUAD Patients. CKneg tumor cells were found not
only in peripheral blood but also in other types of liquid biopsies,
such as MPE and CSF, of LUAD patients. For lung cancer patients,
disseminated tumor cells present in pleural effusion are a common
manifestation and denote an advanced stage of disease with
metastasis (28). In 10 mL of the pleural effusion sample from

Fig. 1. Overall strategy and technological platform validation. (A) HK2 overexpression in a wide range of cancer cell lines. (B) The working flow of CTC
enrichment, identification, and single-cell manipulation. A PDMS microwell chip was used with each well 30 μm in diameter and 20 μm in height. (C, Left)
Colocalization of HK2 and MitoTracker Green in H1975 cells. White blood cells (WBC) are used as a negative control for HK2 staining. (C, Right) Fluorescence
image of HK2-stained H1975 cells at 60× magnification. HK2 staining exhibits a fragmented morphology, with many spheroid-shaped staining, or a retic-
ulated morphology, very similar to the morphology of mitochondria. (Scale bar: 15 μm.) (D) Violin plots of HK2 intensity of H1975 and HCC827 cells that were
normalized to the mean of white blood cells (n = 591, 433, and 1,027, respectively). The dashed and dotted lines of each violin plot denote the median and
first and third quartiles, respectively. The gray dashed line indicates the average HK2 intensity of leukocytes plus five SDs.
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P26, we identified a total of 367 putative tumor cells that can be
classified into two categories, including 355 HK2high/CKpos cells
and 12 HK2high/CKneg cells, based on their CK levels. (Fig. 3A
and SI Appendix, Table S3). We did not assess HK2low/CKpos/
CD45neg cells because, in contrast to blood samples, there are
many detached mesothelial cells that also express CK7/8 but
have low HK2 levels in pleural effusion samples, confounding
the tumor cell identification in those cells. Single-cell sequencing
demonstrated reproducible CNV profiles across all the putative
tumor cells sequenced, regardless of their CK expression levels,
confirming that they are indeed tumor cells (Fig. 3B). Similar
CNV profile consistency was also observed among disseminated
tumor cells in the MPE samples of P25 and P27, while to a slightly
lesser degree (SI Appendix, Figs. S10 and S11). Unlike blood
samples, across the six MPE samples analyzed from LUAD patients,
we found that HK2high/CKneg tumor cells constituted a minority
population in the pleural effusions, ranging from 0.2 to 20%;
HK2high/CKpos tumor cells are the majority population (Fig. 3C
and SI Appendix, Table S5).
HK2high/CKneg tumor cells were also detected in the CSF

samples of LUAD patients. In 1.5 mL of CSF from P32, a total
of 202 HK2high/CKpos cells, 11 HK2high/CKneg cells, and 77
HK2low/CKpos cells were identified (Fig. 3D and SI Appendix,
Table S6). Similar to MPE samples, both the CKpos and CKneg

phenotypes exhibited consistent CNV profiles at the single-cell
level (Fig. 3E). Across the three CSF samples measured,
HK2high/CKneg tumor cells constituted a minority population in

the CSF, ranging from 0.44 to 3.8% (Fig. 3C and SI Appendix,
Table S6). Similar to the CTCs found in blood samples, mor-
phological evaluation of disseminated tumor cells in MPE and
CSF samples revealed larger sizes of CKpos cells than CKneg cells,
which may be attributed to the loss of cytokeratins of the CKneg

cells (Fig. 3F)

The Connection between CKneg CTCs and Epithelial–Mesenchymal
Transition. Different members of the CK family are common
epithelial markers used in the cytopathological analysis. Re-
duced CK expression in cancer cells is often associated with loss
of epithelial signatures and epithelial-to-mesenchymal transition
(EMT)—a process that has been implicated in the intravasation
of CTCs into blood vessels (29). To verify whether the CKneg

CTCs acquired mesenchymal features and thus became more
invasive, a comparison of transcriptome signatures between CKpos

and CKneg CTCs across a statistical number of single cells is de-
sired. However, the extreme rarity of CTCs in blood samples
challenges such analysis. In contrast, MPE samples normally
contain larger numbers of disseminated tumor cells that are better
suited to single-cell transcriptome analysis. In NSCLC, cancer
cells from primary lesions infiltrate the pleura and spread to the
pleural space, resulting in an overproduction of pleural fluid and
disrupted adsorption. This forms a collection of disseminated tumor
cell–containing fluid in the pleural cavity (28). Similar to CTCs in
the bloodstream, previous reports have indicated that many tumor
cells present in MPEs have EMT signatures and high propensities

Fig. 2. Identification and characterization of CTCs in the blood samples of LUAD patients. (A) Scatter plots report HK2 and CK levels of CTCs and CD45pos

leukocytes in the blood samples from P1 and P2. HK2high and CKpos cells are gated out by five SDs above the mean of HK2 or CK levels of CD45pos leukocytes.
Numbers of HK2high/CKneg/CD45neg, HK2low/CKpos/CD45neg, HK2high/CKpos/CD45neg, and HK2low/CKneg/CD45neg CTC subsets are displayed in the figure. (B)
Representative fluorescence images of CTCs from P1 (Left) and P2 (Right). Images are color coded by respective bars to the right with cell type annotations
below. (C) Comparison of cell sizes among CKpos CTCs, CKneg CTCs, and leukocytes from P1 and P2 (n = 138, 52, and 2,045, respectively). The dashed and dotted
lines of each violin plot denote the median and first and third quartiles, respectively. (D) Single-cell CNV profiles across the autosomes of randomly selected
CTCs and leukocytes from P1 and P2, highlighting their genome-wide similarity independent of CK expression. The CTC subtypes and leukocytes are color
coded to the right in the same way as B. (E) CTC counts and classification of 30 healthy donors and 50 LUAD patients whose blood samples were analyzed in
this study. No CTC was detected in any of the 30 healthy donors.
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for seeding distant metastases (30–32). Therefore, transcriptome
analysis of tumor cells in MPE samples may be informative for
discerning the unique molecular features associated with CKneg

CTCs.
We performed single-cell RNA sequencing of CKneg and

CKpos tumor cells in an MPE sample from a LUAD patient,
using 10X Genomics. A dimension reduction of the single-cell
data using the Uniform Manifold Approximation and Projection
(UMAP) algorithm clearly segregated the immune cells, meso-
thelial cells, and putative tumor cells into different clusters,
confirmed by the respective marker expression profiles (Fig. 4 A
and B) (33). Specifically, the immune cell populations (blue and
green clusters) showed clear CD45 expression. The cells in the
upper purple cluster exhibited high calretinin expression and loss
of E-cadherin—a marker combination that is specific to reactive
mesothelial cells in cytological specimens (Fig. 4B) (34, 35). In
contrast, most cells in the central red cluster display high

E-cadherin and CK7/8 expression without CD45 and mesothelial
marker calretinin, suggesting a high likelihood of malignant cells
(Fig. 4 A and B). Dying and stressed cells, as identified by the
yellow cluster, exhibited extensive mitochondrial gene contamina-
tion and were removed from the subsequent analyses (Fig. 4A and
SI Appendix, Fig. S12 and Supplementary Materials and Methods).
To further verify that the cells in the red cluster are indeed

tumor derived, we employed an expectation-maximization algo-
rithm to infer the CNV of all viable cells using single-cell tran-
scriptome data as input (SI Appendix, Supplementary Materials
and Methods) (36). The putative tumor cells showed distinct
CNV patterns compared to normal cells. A k-mean clustering of
the inferred single-cell CNV profiles clearly separated all the
putative tumor cells in the red cluster from the nonmalignant
mesothelial and immune cells in the other clusters, with no ex-
ception (SI Appendix, Fig. S13). Compared with the baseline
CNV profile of normal cells, disseminated tumor cells showed

Fig. 3. Identification and characterization of disseminated tumor cells in the MPE and CSF samples of LUAD patients. (A) Representative fluorescence images
of tumor cells from an MPE sample of P26. Images are color coded by respective bars to the right with cell type annotations below. (B) Single-cell CNV profiles
of randomly selected tumor cells and leukocytes from the MPE sample of P26. The cell subtypes are color coded to the right in the same way as A. (C) Tumor
cell subtype proportions across all the MPE and CSF samples. (D) Representative fluorescence images of tumor cells from a CSF sample of P31. Images are color
coded by respective bars to the right with cell type annotations below. (E) Single-cell CNV profiles of randomly selected tumor cells and leukocytes from the
CSF sample of P31. The cell subtypes are color coded to the right in the same way as D. (F) Comparison of cell sizes between HK2high/CKpos and HK2high/CKneg

tumor cells in the MPE sample (Left, n = 100 and 25, respectively) and HK2high/CKpos, HK2high/CKneg, and HK2low/CKpos tumor cells in the CSF sample (Right, n =
258, 22, and 1,498, respectively). The dashed and dotted lines of each violin plot denote the median and first and third quartiles, respectively.
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Fig. 4. Single-cell transcriptome analysis of an MPE sample from a LUAD patient. (A) UMAP clustering of different cell types in the MPE sample. Different cell
types are color coded and separated at the different regions in the two-dimensional space. The subclusters in each cell type cluster are labeled by the re-
spective color with varying lightness. (B) Expression of selected markers across different cell types visualized in the two-dimensional UMAP space. Green color
denotes low expression, and red color denotes high expression. (C) Enrichment of EMT features of all the tumor cells shown in the two-dimensional UMAP
space. The normalized enrichment scores (NES) are color coded, and cells with statistically significant enrichment scores (FDR < 0.05) are highlighted by
enlarged circles. (D) Comparison of expression levels of several EMT-related genes between epithelial and mesenchymal tumor cells (Top, n = 426 and 58,
respectively) and LUAD patient samples curated in TCGA (Bottom, n = 349 and 32, respectively). The dashed and dotted lines of each violin plot denote the
median and first and third quartiles, respectively. (E) Spearman correlations between relevant CK family genes and EMT-related genes. Correlation coeffi-
cients are color coded, and statistically significant correlations (Bonferroni corrected P < 0.05) are highlighted by outlines. (F) Representative fluorescence
images showing the existence of both CKpos/Vimentinpos and CKpos/Vimentinneg CTCs in patient blood samples. (G) Comparison of vimentin levels between
CKpos and CKneg CTCs isolated from blood samples of two LUAD patients (P43 and P53). The dashed line indicates the average intensity of each group with an
error bar denoting SD. NS: not significant.
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drastically different CNV profiles across many chromosomal
arms, including clear amplification in chromosomes 5p and 14q
as well as deletions in chromosomes 13q and 17p. These results
confirmed the tumor origin of these putative cells identified by
the UMAP algorithm. We further assessed the expression levels
of HK2, CK7, and CK8 across single cells. A large number of
tumor cells showed significantly higher expression levels of HK2,
CK7, and CK8 than immune cells (SI Appendix, Fig. S14A).
These results are consistent with the immunostaining results of
the MPE samples, where the majority of the disseminated tumor
cells are CKpos.
To interrogate whether the CKneg tumor cells are those un-

dergoing EMT and acquiring mesenchymal phenotype, we de-
fined a quantitative EMT score using the hallmark EMT gene set
that contains 200 EMT-defining genes curated in the molecular
signature database (MSigDB, Broad Institute) (37). The location
of each single tumor cell in the EMT spectrum was quantified by
the respective enrichment score obtained in the gene set en-
richment analysis with respect to an average reference tumor cell
(SI Appendix, Supplementary Materials and Methods). Positive
enrichment scores denote acquisition of mesenchymal signature,
and negative scores represent epithelial phenotype. A total of
426 cells and 58 cells were identified to have statistically signif-
icant epithelial and mesenchymal signatures (false discovery rate
[FDR] < 0.05), respectively, with many other cells sitting in the
intermediate states of the EMT spectrum (Fig. 4C).
In line with the classifications described above, mesenchymal

cells with high EMT scores show statistically lower EPCAM ex-
pression as well as higher VIM and CDH2 expression than their
epithelial counterparts (Fig. 4D). However, to our surprise, the
difference of CK7/8 (KRT7 + KRT8) expression levels between
mesenchymal and epithelial cells is marginal (Fig. 4D). This lack
of a clear difference in the expression of these markers also holds
true for the other two types of highly expressed cytokeratin,
KRT18 and KRT19, in LUAD cells (SI Appendix, Fig. S14B). The
indistinguishable CK expression levels between epithelial and
mesenchymal tumor cells are consistent with the results that only
weak or insignificant correlations were observed between various
types of CK expressions and EMT scores (Fig. 4E). To test
whether this observation is also present in CTCs circulating in
the blood, we used vimentin as a mesenchymal marker and

assessed the difference of vimentin levels between CKpos and
CKneg CTCs collected from patient blood samples. In line with
the results obtained from the MPE sample, no statistically sig-
nificant difference of vimentin levels was identified between
CKpos and CKneg CTCs using immunostaining (Fig. 4 F and G).
We found both CKpos/VIMpos and CKneg/VIMneg CTCs in pa-
tient blood samples, supporting that CK expression levels are not
correlated with the EMT status of CTCs.
These unexpected results between the CK expression and

cellular EMT status in CTCs prompted us to further interrogate
whether differential expression of CK7/8 between mesenchymal
and epithelial phenotypes exists in patient tumor tissues. We
evaluated the gene expression data of LUAD patient samples
curated in The Tumor Genome Atlas (TCGA) database, which
includes 533 samples from primary tumor tissues and 2 from
recurrent tumors. To classify their phenotypes in the EMT
spectrum, we calculated the EMT scores using the analysis we
employed for the MPE sample above (SI Appendix, Supplemen-
tary Materials and Methods). Consistently, no statistically signifi-
cant difference was identified in CK7/8 (KRT7 + KRT8)
expression levels between samples with epithelial signatures and
those with mesenchymal signatures (FDR < 0.05), while signif-
icant differences were observed in the expression levels of other
EMT markers, including EPCAM, VIM, and CDH2 (Fig. 4D).
Taken together, these results suggest that the expression levels of
CK7/8/18/19—commonly used epithelial markers in cytopatho-
logical staining of LUAD—cannot effectively distinguish epi-
thelial and mesenchymal CTC phenotypes in LUAD. Therefore,
CKpos and CKneg CTCs cannot be simply attributed to epithelial
and mesenchymal phenotypes, respectively.

Elevated Metastasis and Drug Resistance–Related Features in the
CKlow Tumor Cell Population. The distribution of CK7/8 expres-
sion in epithelial and mesenchymal tumor cell populations is
largely overlapping (Fig. 4D). Both phenotypic populations have
a few outlier tumor cells with high (or low) CK expression levels
and a large number of cells with intermediate CK levels. To
interrogate the differential transcriptome profiles between CK-
outlier cells in each phenotype, we first ranked all the tumor cells
within a phenotype based on their CK7/8 expression levels. We
then denoted the cells within the top 10% and bottom 10% of

Fig. 5. Molecular signatures associated with CKhigh and CKlow cells. (A) Venn diagram showing the top 100 DEGs between CKhigh and CKlow tumor cells up-
regulated in CKhigh cells shared between mesenchymal and epithelial populations as well as specific to each population. (B) Venn diagram showing the top
100 DEGs between CKhigh and CKlow tumor cells up-regulated in CKlow cells shared between mesenchymal and epithelial populations as well as specific to each
population. (C and D) Enrichment scores (row z-score) of CKhigh and CKlow tumor cells in the (C) mesenchymal and (D) epithelial populations for selected gene
sets analyzed by GSVA. The normalized enrichment scores of EMT for those cells are color coded on top of the GSVA enrichment score map.
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CK7/8 expression levels across all the disseminated tumor cells
as CKhigh and CKlow, respectively, and identified differentially
expressed genes (DEGs) between them (SI Appendix, Supple-
mentary Materials and Methods).
A survey of the top 100 DEGs up-regulated in CKhigh cells

revealed a number of cytokeratins and S100 family proteins
shared by two phenotypic populations (Fig. 5A and SI Appendix,
Fig. S15). CKhigh cells displayed elevated γ-synuclein (SNCG)
compared to CKlow counterparts in the mesenchymal population.
Increased expression of γ-synuclein has been implicated in the
pathogenesis of NSCLC by promoting cell survival and prolif-
eration (38). Consistently, increased expression of proliferating
cell nuclear antigen (PCNA) was also observed in CKhigh cells in
the mesenchymal population. In contrast, CKhigh cells in the
epithelial population were found to have increased expression in
genes encoding integrin subunits (ITGA2, ITGA3, etc.) and
MHC-I (HLA-A, HLA-B, HLA-C). For CKlow cells, the top
100 up-regulated DEGs included many genes encoding 40S or
60S ribosome protein components (RPS2, RPL18, etc.) as well as
pulmonary surfactant-associated proteins (SFTPA1, SFTPB,
etc.), which are either unique to a single phenotypic population
or shared between two populations (Fig. 5B and SI Appendix,
Fig. S14). Overexpression of genes encoding ribosome protein
components in CTCs has recently been shown to contribute to
tumor metastasis (39). Consistently, in CKlow cells of the mes-
enchymal population, we also found increased expression of
LOX and JUNB, which have been implicated in enhanced inva-
siveness and tumor metastasis in lung cancer (40–42).
To resolve the molecular programs associated with CKhigh and

CKlow cells in both epithelial and mesenchymal populations, we
performed gene set variation analysis (GSVA) across all the CK-
outlier tumor cells in each phenotype (43). We interrogated the
enrichment profiles of selected gene sets that displayed statisti-
cally significant differences between CKhigh and CKlow cells
(Fig. 5 C and D). Among these gene sets, CKlow cells showed
enrichment in stem cell features and target genes in response to
CDH1 knockdown in both mesenchymal and epithelial pop-
ulations (Onder_CDH1_targets_2) (44). These cells also dis-
played signatures associated with metastasis and EGFR tyrosine
kinase inhibitor (TKI) resistance, as evidenced by the enrich-
ment profiles in several relevant gene sets. For example, most
CKlow cells in both phenotypic populations have negative en-
richment scores and consequently reduced expression levels in
the metastasis-related gene sets that include genes down-
regulated in metastatic tumors (Fig. 5 C and D) (45). Similarly,
a majority of CKlow cells in both populations also displayed
negative enrichment scores in a set of genes down-regulated in
EGFR-TKI–resistant tumors (Fig. 5 C and D). Taken together,
both the DEG and GSVA analyses suggest that CKlow cells ex-
hibit metastasis and EGFR-TKI resistance–related molecular
signatures compared with their CKhigh counterparts regardless of
their EMT status.

LUAD Patients with Prevalent HK2high/CKneg CTCs Associated with
Poor Therapy Responses. The elevated metastasis and drug
resistance–related transcriptome signatures of disseminated tu-
mor cells with low CK expression inspired us to investigate the
difference in clinical outcomes between LUAD patients with
different numbers and ratios of HK2high/CKneg CTCs. The 36 LUAD
patients with positive CTC counts in the blood can be classified into
two subgroups based on the percentages of HK2high/CKneg CTCs,
including 17 patients with prevalent HK2high/CKneg CTC populations
(>50%) and the remaining 19 patients with HK2high/CKneg

CTCs ≤50% (Fig. 2E and SI Appendix, Table S1). In line with
previous reports, we found a statistically significant correlation
between the total CTC numbers and numbers of metastatic sites
across patients (Fig. 6A and SI Appendix, Table S1) (46). Con-
sistent with enriched metastasis-related signatures in CKlow

CTCs, the correlation of HK2high/CKneg CTC numbers and numbers
of metastatic sites is clearly higher than that of HK2high/CKpos CTC
number, while the P value did not reach the significance threshold of
0.05, presumably due to our small sample size. (Fig. 6A).
All of the 36 patients with positive CTC counts in the blood

were treatment naïve at the time of blood collection for CTC
analysis, including 25 patients with EGFR-TKI sensitizing mu-
tations (12 EGFR19Del, 13 EGFRL858R) (SI Appendix, Table S1).
Surprisingly, we found a preferential enrichment of EGFRL858R

mutation subtype in EGFR-TKI–sensitive patients with preva-
lent HK2high/CKneg CTCs in the blood (Fig. 6B). By contrast, the
EGFR19Del subtype was enriched in the remaining EGFR-
TKI–sensitive patients with a low percentage of HK2high/CKneg

CTCs in the blood (Fig. 6B). Among these patients, 25 patients
with EGFR-sensitizing mutations received the first-generation
EGFR-TKI treatment as the first-line therapy after blood
draw, and the remaining patients without targetable mutations
received chemotherapy or chemotherapy + antiprogrammed cell
death 1 as the first-line therapy (except for P51, who received
ALK inhibitor). In line with enriched drug resistance signatures
of CKneg CTCs, within the 20 patients with progression-free
survival (PFS) data on record (SI Appendix, Table S1), patients
with a higher number of HK2high/CKneg CTCs (HK2high/CKneg

CTCs ≥ 5) in blood showed unfavorable therapy responses as
evidenced by shorter PFS compared with those with HK2high/
CKneg CTCs < 5 (Fig. 6C). Consistent with our expectation, the
number of HK2high/CKneg CTCs provided a better prediction of
patient PFS than the total CTC number in our cohort (SI Ap-
pendix, Fig. S16). In addition to the absolute CTC number, the
percentage of HK2high/CKneg CTCs was also found to be pre-
dictive for patient therapy response when the two groups of
patients have comparable total CTC numbers on average
(Fig. 6 D and E). Specifically, patients with prevalent HK2high/
CKneg CTCs (>50%) in their blood showed much shorter PFS
compared with those with a low percentage of HK2high/CKneg

CTCs (Fig. 6E), while the total CTC numbers of these two pa-
tient populations were statistically indistinguishable (Fig. 6D).
These results suggested an unfavorable prognosis of CKneg CTCs
compared with CKpos counterparts and may partially explain the
relatively suboptimal therapy responses of EGFRL858R-mutant
patients to EGFR-TKI reported by previous studies (47–51).

Discussion
Cancer cells often elevate glucose metabolism to fuel their un-
controlled growth. Exploiting this altered metabolism allowed us
to develop metabolic activity-based methods for rapid identifi-
cation of CTCs from liquid biopsy samples for both epithelial
and nonepithelial malignancies (52). In this study, we evaluated a
key enzyme in glucose metabolism—HK2—as a surrogate for
metabolic activity-based CTC detection. HK2 catalyzes glucose
phosphorylation, the first enzymatic step in glycolysis, and is
expressed at easily detectable levels in many cancer cells. The use
of HK2 as a marker allows us to analyze fixed blood cells pre-
served in TransFix/ethylenediaminetetraacetic acid (EDTA)
vacuum blood collection tubes within 3 d of blood collection,
without significant signal loss. This approach relieves the time
constraint and pressure of sample delivery, processing, and met-
abolic analysis and thus significantly improves the adaptability of
our assay. Single-cell sequencing confirmed the malignancy of
HK2-identified putative CTCs. Nearly all the randomly selected
HK2high cells from different types of liquid biopsy samples were
confirmed to be malignant by single-cell genome-wide CNV
analysis (Fig. 2D and 3 B and E and SI Appendix, Figs. S3 and S4),
attesting to the high specificity of HK2 as a glycolytic activity–
associated marker in identifying CTCs present in a high back-
ground of leukocytes and other confounding cell types.
The use of HK2 as a tumor cell marker permits us to reveal a

HK2high/CKneg CTC population which is not accessible to and is
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normally overlooked by current epithelial marker-based CTC
detection methods. Although new markers (e.g., oncofetal
chondroitin sulfate) or a combination of multiple markers have
been developed to capture multiple phenotypes of CTCs (53,
54), these methods are still dependent on CK expression and
thereby inherently biased toward identifying CKpos CTCs. In
liquid biopsy samples, the existence of CKneg malignant cells are
not easily identifiable because many benign cell types with low or
undetectable CK expression levels confound such examination.
Sequencing all the CKneg cells in a liquid biopsy sample at the
single-cell level to identify CKneg CTCs is neither practical nor cost
effective. Additionally, our results indicate that CK expression
levels are largely independent of cellular EMT status in LUAD.
Both epithelial and mesenchymal populations may contain cells
with high (or low) CK expression (Fig. 4D). Therefore, the inclu-
sion of mesenchymal markers, such as vimentin and N-cadherin, in
the detection panel would not necessarily identify CKneg CTCs in
the epithelial population. HK2 and CD45 costaining can distinguish
CTCs from a large number of immune cells and other confounding
cell types in liquid biopsy samples and allows for identification of
both CKpos and CKneg CTCs.
Although all the patients were bearing CKpos primary tumors

in this study (SI Appendix, Tables S1, S5, and S6), HK2high/CKneg

CTCs were found to be a prevalent CTC subtype in 47% of
blood samples from 36 patients with detectable CTCs (Fig. 2E).
Overall, 11 of these 36 patients had only CKneg CTCs detected,
and standard EpCAM/CK-based CTC detection methods are
unable to detect these cells. This observation partially explains

why CTCs are less frequently observed in peripheral blood of
NSCLC patients compared with other epithelial cancers when
detected by CellSearch-like systems. Some patients have pre-
dominantly HK2low/CKpos CTC population in their blood, as
exemplified by P2, which may be attributed to a quiescent or
stressed cell state with reduced glycolysis and HK2 expression
(54). Our approach does not detect those CKneg CTCs with low
HK2 expression in blood because of contaminating circulating
cells of normal tissue or blood origin. Nevertheless, we detected
the presence of CTCs in 72% stage III/IV NSCLC patients with
five or more CTCs in 5 mL blood samples from 44% of them,
including four stage IIIB patients with localized disease (SI Ap-
pendix, Table S1). This level of sensitivity is clearly better than
that of previous reports, where CTCs were detected in 7.5 mL
blood from 21 to 54.4% of NSCLC patients using CellSearch-like
approaches without sequencing confirmation of the tumor origin
of detected cells (SI Appendix, Table S3) (6, 9, 10, 24–27). The
increased sensitivity for CTC detection in LUAD patients is
mainly attributed to the introduction of the glycolytic activity–
associated HK2 marker that permits identification of CKneg

CTCs inaccessible to EpCAM/CK-based detection strategies.
This study characterized disseminated tumor cells from mul-

tiple liquid biopsy forms of the same tumor type. HK2high/CKneg

cells were a prevalent CTC subtype in 47% of blood samples with
positive CTC counts but were rarely detected in MPE and CSF
samples that contain prevalent CKpos tumor cells. The differ-
ences in CK subpopulations across different types of liquid bi-
opsy may be the consequences of different microenvironments of

Fig. 6. Clinical implications of LUAD patients with HK2high/CKneg CTCs. (A) Heatmap showing the relationship between numbers of metastatic sites and
numbers (or percentages) of various CTC subtypes across patients with positive CTC counts in the blood (patient n = 36). The z-scores of the CTC numbers
across these patients were color coded and displayed from low to high. Spearman correlation coefficients between the CTC numbers (or percentages) and
numbers of metastatic sites and respective P values were shown to the right. (B) EGFR mutation subtype proportions for EGFR-mutant patients with different
HK2high/CKneg CTC percentages (patient n = 25). (C) Kaplan–Meier curves showing PFS of the treatment-naïve LUAD patients with positive CTC counts in blood
segregated by the number of HK2high/CKneg CTCs (patient n = 20). The log-rank P value and hazard ratio are indicated. (D) Comparison of total CTC numbers
between two patient groups defined by the percentage of HK2high/CKneg CTCs in blood. The solid line indicates the average total CTC number of each group.
No statistically significant difference was found between the total CTC numbers of the two groups. (E) Kaplan–Meier curves showing PFS of the treatment-
naïve LUAD patients with positive CTC counts segregated by the percentage of HK2high/CKneg CTCs in blood (patient n = 20). The log-rank P value and hazard
ratio are indicated.
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these liquid biopsy samples and/or distinct mechanisms of dis-
semination between CKpos and CKneg cells. Given that the primary
tumor lesions of all the patients are CKpos, the enrichment of CKneg

CTCs in peripheral blood samples implicates that more CTCs in
the blood tend to transition to a CKneg subtype, acquire a more
metastatic signature, and, consequently, seed distant organs. The
selective enrichment of the EGFRL858R mutation subtype in pa-
tients with prevalent CKneg CTCs in blood suggests a high pro-
pensity of CKpos-to-CKneg transition driven by L858R mutation.
In all types of liquid biopsy samples, CKneg tumor cells have

smaller sizes than CKpos cells, possibly due to the reduced ex-
pression of intermediate filaments (Figs. 2C and 3F). However,
their CNV profiles resemble those of CKpos tumor cells, sug-
gesting that CK expression levels are likely to be epigenetically
regulated rather than reflecting the existence of genetically dis-
tinct clones (Figs. 2D and 3 B and E and SI Appendix, Figs. S4,
S10, and S11) (55). Single-cell transcriptome analysis of the
disseminated tumor cells from an MPE sample failed to identify
correlations between CK expression and cellular EMT status.
(Fig. 4 D–G). However, caution needs to be taken when ex-
trapolating these results to CTCs in blood samples. We therefore
performed independent validation using immunostaining assays.
The results indeed pointed to indistinguishable vimentin levels
between CKpos and CKneg CTCs in blood samples (Fig. 4G),
echoing the uncorrelated relationship between CK expression
and cellular EMT status found in analyzing the MPE sample and
TCGA data (Fig. 4D). Our results are also supported by an
earlier report showing the existence of Vimentinpos mesenchymal
subpopulation in CKpos CTCs of NSCLC patients (10).
In addition, disseminated tumor cells with low CK expression

were found to be enriched in metastasis and EGFR-TKI resistance–
related transcriptional signatures compared with those with high CK
expression. Consistently, we observed a shorter PFS in patients
with a higher number or percentage of CKneg CTCs in the blood
(Fig. 6 C–E). The selective enrichment of EGFRL858R (or EGFR19Del)
mutation subtype in patients with a high (or low) percentage of CKneg

CTCs is consistent with previous findings that exon 19 deletions are

associated with longer PFS and/or overall survival compared with
L858R mutation after first-line EGFR-TKIs for advanced NSCLC
(Fig. 6B) (47–51). However, the mechanistic difference that under-
lies therapeutic efficacies and survival benefits between these two
EGFR genotypes is still unclear. The differential prevalence of CKneg

CTCs in these two EGFR genotypes revealed in our study may help
explain the suboptimal therapeutic efficacy and survival benefits of
EGFRL858R-mutant tumors. The mechanistic understanding of phe-
notypic transitions between CKpos and CKneg CTCs as well as the
clinical implications of CKneg CTCs as a prognostic marker or a drug
target in LUAD patients warrant further investigation in large
patient cohorts.

Materials and Methods
Peripheral blood and pleural effusion samples were obtained from LUAD
patients in Shanghai Chest Hospital with written informed consent. CSF
samples were obtained from LUAD patients in Huashan Hospital with written
informed consent. All patients were treatment naïve and at stage III or IV. A
total of 50 patients who contributed peripheral blood samples were en-
rolled from June 2018 to December 2018 and from April 2020 to November
2020 and followed until November 2020. The clinical study was approved by
the institutional ethics review committees at the Shanghai Chest Hospital
and Huashan Hospital and was performed according to the Declaration of
Helsinki Principles. Please refer to SI Appendix, Supplementary Materials and
Methods for cell lines and reagents used, microwell chip fabrication, and
protocols for CTC identification, sequencing, and data analysis.

Data Availability. The single-cell sequencing data reported in this paper have
been deposited in the ArrayExpress database (accession no. E-MTAB-
8767) (56).
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