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Abstract

Identifying metabolic steps that are specifically required for the survival of cancer cells but
dispensable in normal cells remains a challengel. Here, we report a therapeutic vulnerability in

a sugar nucleotide biosynthetic pathway that can be exploited in cancer cells with limited impact
on normal cells. A systematic examination of conditionally essential metabolic enzymes revealed
that UXS1, a Golgi enzyme that converts one sugar nucleotide (UDP-glucuronic acid; UDPGA) to
another (UDP-xylose), is essential only in cells that express high levels of its immediate upstream
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enzyme UGDH. This conditional relationship exists because UXS1 is required to prevent excess
accumulation of UDPGA produced by UGDH. UXS1 functions not only to clear UDPGA, but
limits UDPGA production through negative feedback on UGDH. Excess UDPGA disrupts Golgi
morphology and function, which impedes the trafficking of surface receptors such as EGFR to the
plasma membrane and diminishes cell signaling capacity. UGDH expression is elevated in several
cancers, including lung adenocarcinoma, and is further enhanced during chemo-resistant selection.
As a result, these cancer cells are selectively dependent on UXS1 for UDPGA detoxification,
revealing a potential Achilles’ heel for UGDH-high tumors.

Altered metabolism is a hallmark of cancer and can support cancer functions such as rapid
proliferation and survival under various stress statesl. Recently, it is emerging that certain
metabolic activities play important detoxifying roles by preventing the accumulation of toxic
metabolic intermediates?—4. Importantly, a ‘kitchen sink’ model has been observed where a
detoxifying enzyme is only required in cells with high metabolic production of the toxic
metabolite, much as a drain is only needed when the faucet is turned on>.

Identifying UXS1 as a candidate detoxifier

We wondered whether candidate detoxifying enzymes might be identified on this basis, i.e.,
whether it is required for cell survival only in the cells where its substrate is produced

at high levels (Fig.1a). First, based on the notion that the detoxifying enzyme would be
required in some cells but not others, we utilized the DEPMAP database of cancer cell line
dependency® to identify metabolic enzymes with differential essentiality: they are required
for the survival of some cancer lines but not others. This was determined by a standard
deviation metric (formula: v{Z(x-x)?/(n-1)) based data mining of gene dependency scores
for all metabolic genes (determined via CRISPR/Cas9 pooled screen across 572 different
cancer cell lines across 25 solid tumor lineages (Methods). The selenium detoxifying
enzyme ‘SEPHS2’3 was near the top of this list, supporting the notion that detoxifying
enzymes can have varying essentiality across lines (Extended Fig.1a).

Following the kitchen sink model, we wondered whether these enzymes’ essentiality (as
determined in the Cancer Dependency Map’ in each cell line) correlates with the expression
level of an upstream enzyme(s) producing the putatively toxic metabolite. Indeed, we

found that for one of these variably essential enzymes, UXS1 (Extended Data Fig.1b), the
immediate upstream enzyme UGDH was the gene whose expression correlated the most
with whether a cell required UXS1 or not (Fig.1b, c, d). This raised the possibility that the
product of UGDH - UDP-glucuronic acid (UDPGA) - is a toxic metabolite so that only

the cells expressing high UGDH and thus producing high UDPGA would be dependent on
UXS1 for detoxification.

To confirm the UGDH expression-dependent requirement of UXS1 suggested by our data
mining, we lentivirally transduced CRISPR-Cas9 knock-out (KO) of UXS1 in 19 cancer
cell lines of different tissue origin with varying levels of UGDH mRNA expression. Loss
of UXS1 was detrimental only to cell lines expressing high UGDH (Fig.1e, f, Extended
Fig.1c). Furthermore, in these sensitive lines, which included the lung adenocarcinoma
line A549 and the colorectal adenocarcinoma line DLD1, overexpression of UXS1 with
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CRISPR-resistant silent mutations against UXS1-g2 fully rescued against the toxicity from
UXS1-g2 but not from UXS1-g1, verifying that the toxicity from UXS1 KO is on-target
(Fig.1g, Extended Data Fig.1d—g). We generated a UXS1 doxycycline(dox)-inducible KO
(iKO) line (Extended Data Fig.1h, i) which revealed that UXS1 loss leads to cell cycle
defects and cell death consistent with apoptosis (Fig.1h, i, Extended Data Fig.2a—d). Thus,
UXS1 disruption selectively kills only those cancer cells with high expression levels of
UGDH.

UXS1 prevents toxic UDPGA accumulation

We considered two potential mechanisms for UXSL1 toxicity: 1) that accumulation of

its substrate may be toxic, as suggested by the kitchen sink model, or 2) that loss of
downstream product may be detrimental. To this end, we considered the known biological
functions of this pathway. UGDH produces the sugar nucleotide UDP-glucuronic acid
(UDPGA), the substrate of UXS18. UDPGA is used in glycosylation reactions which

add glucuronic acid to proteoglycans and glycoproteins in the Golgi apparatus®. It is

also a key substrate for reactions performed by UDP-glucuronosyltransferases (UGTS) to
conjugate glucuronic acid to xenobiotics (such as chemotherapeutic compounds), aiding

in their deactivation and secretion, a process referred to as ‘glucuronidation’0. UXS1
converts UDPGA to UDP-xylose, another sugar nucleotide precursor for glycosylation used
in proteoglycans (Fig.1d)%11, Thus, excessive UDPGA could introduce aberrant changes in
the Golgi or the glucuronidation system; alternatively, the loss of xylose sugar modifications
could be detrimental to cells.

To determine whether overabundance of UDPGA or loss of xylose modifications is the
cause for toxicity, we first measured intracellular levels of UDPGA by LC-MS following
UXS1 ablation. As expected, UXS1 disruption, but not UGDH loss, caused about 70-fold
accumulation of UDPGA in a time-dependent manner, while several other UDP-sugars
were not substantially impacted (Fig.2a). Using U-13C glucose labeling, we confirmed
that UXS1 KO resulted in the complete ablation of UDP-xylose formation (Fig 2b, c).
Next, to test the kitchen-sink model (Fig.2d), we disrupted UGDH to prevent UDPGA
production (Fig.2e), which completely protected both A549 and DLD1 cells against the
toxic effects of UXS1 loss (Fig.2f, g, Extended Data Fig.3a, b). Similarly, 4MU, a drug
that depletes UDPGA by consuming it for 4MU glucuronidationl?-14, also rescued these
cells from UXS1 loss toxicity (Fig.2h). We examined cell lines expressing low, medium,
or high UGDH levels (CAKI1/ASPC1/A549) and found corresponding increasing degrees
of UDPGA accumulation following UXS1 KO, which correlated with increasing toxicity
(Extended Data Fig.3c, Fig.1e). Glucose is an upstream input for UDPGA biosynthesis, and
we find that glucose levels directly modulate sensitivity to UXS1 KO, further supporting
UDPGA accumulation as the culprit for toxicity (Extended Data Fig.3d). Directly treating
UDPGA can also induce toxicity but at high concentrations, likely due to its low cell
permeability (Extended Data Fig.3e). Finally, we are able to sensitize otherwise insensitive,
low UGDH expressing cells to UXS1 loss toxicity by overexpressing UGDH (Fig.2i, j,
Extended Data Fig.3f, g). Taken together, along with the “kitchen sink’ rescue, we provide
multiple lines of evidence that cells expressing high UGDH depend on UXS1 expressly to
prevent the toxic overaccumulation of UDPGA.

Nature. Author manuscript; available in PMC 2024 May 01.
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To further investigate the potential impacts of losing UDP-xylose production upon UXS1
KO, we examined sulfated glycosaminoglycans, glycosylation moieties on proteoglycans
which require xylose as well as glucuronic acid residues for their production®. UXS1

KO cells had decreased levels of total sulfated GAGs, indicating a consequence of loss

of UDP-xylose production (Extended Data Fig.4a, b). Also as expected, UGDH KO or
UGDH/UXS1 double KO also resulted in a similar degree of loss of sulfated GAGs. As

the latter two conditions are nontoxic, this supported that loss of sulfated GAGs are not
responsible for the toxicity of UXS1 KO. We additionally examined hyaluronic acids,

the predominant non-sulfated proteoglycans, which require glucuronic acid but not xylose
residues in their production®. UGDH KO or UGDH/UXS1 double KO, the two conditions
that preclude UDPGA production, resulted in loss of HAs, whereas UXS1 KO, which loses
UDP-xylose but gains UDPGA, did not result in significant changes (Extended Data Fig.4c,
d). This argued against changes in HAs mediating the toxicity of UXS1 loss. However,

we cannot rule out that changes to proteoglycans caused by UXS1 loss could impact other
aspects of tumor biology, which future efforts should explore (Supplemental Discussion).
Proteoglycans are key components of the extracellular matrix that interact with cell surface
proteins and their dysregulation may impact various aspects such as cell adhesion and
migration, and cancer cell stemness16:17,

Intriguingly, in UXS1 KO cells, along with a loss of UDP-xylose production, the rate of
production of UDPGA was dramatically increased, implying increased activity of UGDH
(Fig.2k, Extended Data Fig.3h-I). This is in line with previous reports that indicate that
UDP-xylose can allosterically inhibit UGDH as a negative feedback loop8-20 . Thus, these
results support the model that the observed accumulation of UDPGA in UXS1 KO cells

is the combination of lost clearance of UDPGA by UXS1 and higher activity of UGDH
(Fig.2l). This explains why loss of UXS1, which turns over UDPGA at a relatively low rate
(Fig.2c), results in such a massive increase in UDPGA (Fig.2a).

Excess UDPGA disrupts Golgi function

To try to understand why UDPGA accumulation upon UXS1 loss may be toxic to cells,

we performed next-generation sequencing of mMRNA from cancer cells subjected to UXS1
KO. Gene set enrichment analysis indicated an induction of various Golgi function-related
genes, and a depletion of cell cycle and DNA repair/damage response genes following UXS1
KO in cancer cells (Fig.3a, Extended Data Fig.5i, j). Looking closely at the Golgi-related
genes, we observed induction of various Golgi posttranslational modification genes such as
N-linked glycosyltransferases and Golgi trafficking genes such as COP-I vesicular transport
genes. Included in the signature was ARF4, a known Golgi stress response gene?1:22 and we
verified that ARF4 protein levels are induced upon UXS1 KO (Extended Data Fig.5a).

Overall, this transcriptional response suggested that the toxicity of UXS1 loss/fUDPGA
accumulation specifically involves the Golgi, which was congruent with UDPGA being a
glycosylation precursor and UXS1 being a Golgi resident enzyme. Surprisingly, the loss
of UXS1 dramatically altered the morphology of the Golgi apparatus. Instead of being
confined to a single region, loss of UXS1 resulted in an aberrant dispersal of the cis-,
trans-, and medial components of the Golgi apparatus to multiple regions throughout the

Nature. Author manuscript; available in PMC 2024 May 01.
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cell body, as indicated by immunolabeling and verified by electron microscopy (Fig.3b—d,
Extended Data Fig.6a—d). Meanwhile, the endoplasmic reticulum (ER) appeared intact,

and cells did not show signs of ER stress (Extended Data Fig.6e—g). Importantly, the
UDPGA-depleting 4MU or preemptive UGDH KO rescued the normal Golgi morphology
in UXS1 KO cells, demonstrating that the Golgi transformation occurred due to UDPGA
accumulation (Fig.3e, Extended Data Fig.6h). To determine whether UXS1 KO alters
Golgi glycosylation processes, we analyzed the N-linked (Fig. 3f) and O-linked (Extended
Data Fig.5f) glycosylation profiles of A549 cells upon UXS1 loss. While these analyses
show relative abundances of each species and thus do not inform of gross intracellular
glycosylation level of each condition, they demonstrate that there are overall changes in
glycosylation patterns upon UXS1 loss. While the relative abundance of oligomannose and
paucimannose glycans decreased, sialylated and rare complex glycans with poly lac-nac
extensions increased upon UXS1 loss (Extended Data Fig.5b—e). These results indicate that
the accumulation of UDPGA following the loss of UXSL1 alters both the structure and
function of the Golgi apparatus. Interestingly, the majority of UDPGA accumulation occurs
in the cytosol (Extended Data Fig.7c, d), and overexpression the Golgi UDPGA transporter
SLC35D123 does not impact UXS1 KO toxicity (Extended Data Fig.7a, b), suggesting that
excess UDPGA impacts the Golgi from the cytosolic side.

The Golgi apparatus is the gateway for the terminal glycomodifications and trafficking
for cell surface proteins such as growth factor receptors and other surface markers that
play essential roles in cancer biology?4:25. Therefore, we examined whether cell surface
proteins have changes in mobility which are commonly associated with glycosylation
defects26-28, We examined various cell surface receptors (EGFR, CD44, FGFR1, FGFR4,
IGF1R) which are key upstream components of signaling cascades29-32. We found that
loss of UXS1 caused increased gel migration in all of these receptors, suggesting their
defective glycosylation26-28, as is seen by treating cells with the glycosidase PNGase?%
(Fig.3g). In most cases protein levels were also significantly decreased, which may be due
to degradation, misfolding and/or decreased stability known to occur for mis-glycosylated
proteins33-35, These results suggested that the Golgi dysfunction caused by UXS1 loss has
a far-reaching consequence of preventing the proper maturation of essential cell surface
glycoproteins.

Among these, EGFR is an upstream oncogenic signaling component that is required for the
proliferation and survival of cancers such as Non-Small Cell Lung Carcinoma (NSCLC) and
glioblastoma32, and our RNA sequencing of UXS1 KO cells suggested a profile of impaired
EGFR signaling (Extended Data Fig.5i, j). Therefore, we looked more closely at EGFR

as an example surface protein that is impaired due to UDPGA-induced Golgi dysfunction.
Immunolabeling of EGFR strikingly showed that it is absent at the plasma membrane
following KO of UXS1, with decreased overall levels (Fig.3h, i, Extended Data Fig.6i—k).
We next examined the ability of UXS1 iKO cells to respond to EGF mitogen. Cells lacking
UXS1 could not properly respond to EGF, not undergoing autophosphorylation of EGF,
which is the canonical initial step in the EGFR signaling cascade (Fig.3j). Furthermore,

the cells lacked the characteristic phosphorylation of Akt and ERK, which is a standard
downstream manifestation of EGFR activation. While these results demonstrate effects on
EGFR and its downstream signaling, the general effects of UXS1 KO across cell various

Nature. Author manuscript; available in PMC 2024 May 01.
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surface receptors (Fig.3g) suggest that cancer cells have in effect been ‘silenced’ in their
ability to respond to various extracellular cues. Thus, while EGFR loss is likely to be highly
detrimental to the cancer cells, it is unlikely to be the sole culprit, and we propose that death
may occur from a global deregulation of cell surface proteins.

We also considered the downregulation of cell cycle genes that were observed in the
RNA-SEQ. Golgi fragmentation occurs during mitosis, thus a mitotic block could indirectly
account for the golgi-related pathologies that we observed. However, propidium iodide
based fluorescence-activated cell sorting (FACS) cell cycle analyses of UXS1 iKO cells
indicate that the S phase population is increased while G2 population (which includes M
phase cells) is decreased (Extended Fig.2b, c). We did not observe any accumulation of

M phase as marked by phospho-Histone-H3 (Extended Data Fig.5g). We find that serum
starvation- induced block of cell cycle progression block does not enhance and instead
slightly decreases Golgi dispersion upon UXS1 iKO (Extended Data Fig.5h). Overall, it is
unlikely that UXS1 KO causes the Golgi dispersion phenotype via cell cycle defects. Rather,
the downregulation of various cell cycle genes may be a consequence of the “silencing’ of
mitogenic surface receptors such as EGFR, which can drive cell cycle progression32,

UXS1 as a cancer-selective target

We next set out to examine the consequences of UXS1 loss in the /7 vivo context of a
tumor. To examine effects of disruption of UXS1 in an already formed tumor, we utilized
dox-inducible UXS1 KO in three subcutaneous xenograft models (A549 and H460, both
UGDH-high, non-small cell lung cancer lines; and HT1080, a UGDH-low fibrosarcoma
line), where dox was administered on timepoints where average tumor sizes were at least
200mm3 (Extended Data Fig.8a—c). For both UGDH-high lines, induction of UXS1 loss
resulted in a significant stunting of tumor growth (and regression in H460), and extended
median survival by 27 days for A549, and 50 days for H460 (Fig. 4a, b, d and, e, Extended
Data Fig.8e, f). We observed ~40-fold accumulation of UDPGA (Extended Data Fig.8h) and
induction of ARF4, a Golgi stress marker (Extended Data Fig.8i) in A549 iKO tumors. On
the other hand, despite efficient induced KO (Extended Data Fig.8d, g), UXS1 loss in the
UGDH-low HT1080 tumors had no effect on tumor growth and overall survival (Fig.4c, f).
Collectively, these experiments demonstrate a therapeutic potential for targeting UXS1 that
depends on the high-UGDH status of the tumor.

For UXS1 to be an ideal cancer target, it should demonstrate cancer cell-selective toxicity.
Recently, UGDH itself was examined in cancer contexts: it was elevated in some subtypes of
lung and breast cancers which correlated with poor prognosis3®-38, suggesting UGDH as a
cancer target3%40. In our kitchen sink model (Fig.2), UGDH is not a cancer target per se but
a biomarker and functional determinant for which cells will require UDPGA detoxification
via UXS1. Importantly, comparing tumors and adjacent normal tissues, we observed that
UGDH is elevated in lung and breast cancers compared to normal tissues, suggesting that
UXS1 targeting would hurt cancer cells but not normal cells (Fig.4g, h, Extended Data
Fig.9a, b). RNA-SEQ database comparison of UGDH transcript abundance across tumor
types and normal organs also indicates that UGDH may be elevated in multiple tumors
relative to normal tissues (Extended Data Fig.9c). The variability of UGDH expression

Nature. Author manuscript; available in PMC 2024 May 01.
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across the solid tumor lines (Fig.1c) and tumors (Extended Data Fig.9c) suggest that the
applicability of targeting UXS1 may depend both on the cancer type and on a patient-by-
patient basis (Supplemental Discussion). We confirmed overall low protein levels of UGDH
expression across various patient normal liver, kidney, and colon tissues, suggesting that
targeting UXS1 would not cause toxic UDPGA accumulation in organs (Extended Data
Fig.9f). Finally, we compared UGDH expression and UXS1 essentiality across a panel

of noncancer (primary or immortalized) cells. Normal cells express lower levels of the
“faucet’ UGDH than the UXS1 KO sensitive cancer cells, and they are also insensitive

to the KO of UXS1 as predicted (Fig.4i, Extended Data Fig.9d, e and 1j). Collectively,
these findings suggest a therapeutic window for UXS1 targeting, and we note that partial
loss of UXS1 via RNA.i is still effective (Extended Data Fig.10j-1). Nonetheless, UXS1
KO mice are embryonic lethal*1, which may indicate importance for UXS1 detoxification
or downstream proteoglycan function (UDP-xylose) in a developmental and/or organismal
context (Supplemental Discussion). Thus, as some important normal cells may depend on
UXS1, examination of patient toxicity will be an important concern in future therapies
targeting UXS1.

We wondered why UGDH, which imposes a detoxification burden, might be upregulated

in cancer cells in the first place. Higher levels of UGDH were correlated with a worse
prognosis in triple-negative breast cancer patients that received chemotherapy“2. Proteomic
studies also found that UGDH was elevated in chemo-resistant cells as compared to chemo-
naive or untreated cells in the context of lung and ovarian cancer344. This suggested one
rationale for why UGDH may be elevated in cancer: its upregulation could provide an
advantage in chemoresistance, which would be in line with the known function of its product
UDPGA, as a substrate for the xenobiotic clearance mechanism of glucuronidation. Indeed,
examining how UGDH expression correlates with drug resistance across cancer cell lines,
we found that an elevated expression of UGDH correlated with increased resistance to many
drugs, including staple chemotherapeutics such as doxorubicin, paclitaxel, and gemcitabine
(Fig.4j). We also examined whether exposure to and/or selection in chemotherapeutics itself
results in induction of UGDH. We formed persister populations of lung cancer line (H2170),
triple negative breast cancer line (MDAMBZ231), and patient derived organoids (TPN1

and TPN2) through cisplatin exposure; these displayed both robust induction of UGDH

and sensitization to UXS1 KO (Fig.4k—m, Extended Data Fig.10a—i) compared to their
parental counterparts. Chemotherapy in the A549 inducible xenograft model induces UGDH
in tumors (Fig. 40, p) and synergizes with UXS1 iKO to regress tumor growth (Fig.4n),
although we did not examine effects on overall survival. The same chemotherapy regimen
does not induce UGDH in normal mouse tissues (Extended Data Fig.8j, k), suggesting

a method to increase the therapeutic window for targeting cancer cells via UXS1. These
findings suggest that UXS1 targeting may be particularly damaging to chemoresistant
subpopulations of cancer cells, or to cancer cells being treated with chemotherapeutics,

due to their induction of UGDH.

Discussion

The sugar nucleotide UDPGA is a multifunctional metabolite that is a currency for
glycosylation and a substrate that cells conjugate to various xenobiotics to aid in their

Nature. Author manuscript; available in PMC 2024 May 01.
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expulsion from cells*>~47. Here, we find that UDPGA clearance by UXS1 is critically
required for Golgi homeostasis in some cells. Importantly, this is a conditional requirement:
only cells that express elevated levels of the enzyme UGDH, which produces UDPGA, have
this detoxification requirement.

We demonstrate that this has a vital cancer therapy implication, as many types of cancers
have elevated UGDH relative to normal cells. Only in these types of cancer cells, UXS1
disruption can result in aberrant Golgi morphology and glycosylation defects leading

to death. The upregulation of UGDH in cancer cells may occur in some cancers from

the selective advantage in drug clearance, as we show that the development of resistant
subpopulations of cancer cells to xenobiotic, cancer cell-killing compounds is accompanied
by elevated UGDH expression. This introduces a targetable liability in the form of a
requirement for UDPGA detoxification via UXS1.

Our findings also reveal an unexpected link between a sugar nucleotide metabolic pathway
and the modulation of signal transduction processes. We show that impairment of UXS1 and
accumulation of UDPGA, by impairing the Golgi maturation of cell-surface proteins such as
growth factor receptors, acts to ‘silence’ a cancer cell so it cannot respond to extracellular
cues. Thus, in addition to killing cancer cells outright via toxic UDPGA levels, we envision
nuanced cancer therapy strategies using such mechanisms to ‘silence’ cancer cell activities
such as hyperproliferation and metastasis. That deregulation of sugar nucleotide metabolism
can subdue the sensitivity of cells to extracellular cues is a concept that may be broadly
relevant to cell biology and in multiple health contexts beyond cancer therapy.

Materials and Methods

Materials

Details of all the chemicals, DNA constructs, guide sequences, antibodies, and other
materials are provided in Supplementary Table S1. All requests for information,
reagents, and resources should be directed to the Corresponding Author, Dohoon Kim
(dohoon.kim@umassmed.edu)

Cell lines and cell culture

All cell lines were cultured at 37°C under 5% CO, and 20% O,. The cell lines used

in this paper are listed in Supplementary Table S2, along with information about their
media, supplements, and sources. Most cancer lines used (except otherwise mentioned

in Supplementary Table S2) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco #11995073) supplemented with 10% fetal bovine serum (Sigma #F2442),
100 units/ml Penicillin-Streptomycin (Gibco #15140122), and 2mM L-glutamine (Gibco
#25030081).

Datamining analysis

A list of genes encoding metabolic enzymes and transporters (which we refer to as
MetGene) was curated from the Kyoto Encyclopedia of Genes and Genomes (KEGG). First,
we tried to identify which of the genes in MetGenes have differential essentiality, i.e., their

Nature. Author manuscript; available in PMC 2024 May 01.
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CRISPR/Cas9 KO of that gene is lethal to some of the cancer cell lines but not to others.
These genes were identified by mining a pan-cancer dependency dataset’ (Post-Chronos_
Combined Achilles and Sanger SCORE Chronos data using Harmonia) from Broad Institute.
The standard deviation (formula: V{Z(x-x)%/(n-1); where x: mean of essentiality of a gene
across cell lines, n: the number of total cell lines) of the essentiality of each MetGene across
the different cell lines from all solid cancer cell lines (572) from 25 different lineages were
determined, high standard deviation values indicating high differential essentiality.

For each MetGene hit, we next set to identify genes whose mRNA expression level
(transcript per million) predicts how essential the MetGene was in a given cell line. To this
end, we determined Pearson Correlation values for all genes (17386) with a given MetGene
across all 572 cells, cross-referencing gene essentiality values with RNAseq values from
the CCLE’ RNA sequence dataset. Figure 1c shows the Pearson correlation between the
dependency of UXS1 and the expression of all the genes in solid cancer lines.

CRISPR/Cas9-mediated genome editing

Guide RNA sequences were obtained from a published guide sequence library®! and cloned
into the lentiCRISPR v2 (pLCv2) construct>2. Lentivirus was produced in HEK293T cells
by co-transfecting plasmid pLentiCRISPR v2 containing guide sequence of interest with
the Delta-Vpr packaging plasmids and VSV-G envelope plasmid using X-tremeGENE 9
transfection reagent (Roche). Lentivirus containing media was harvested 48 hours after
transfection, and virus titer was determined. Target cells were infected with lentivirus in

the presence of 10 ug/ml polybrene with a multiplicity of infection (MOI) less than 1 to
avoid the non-specific toxicity of Cas9. Infected cells were selected with media containing
puromycin (1-2 ug/ml) for 4-5 days to ensure a full selection of cells.

Cell viability assay

Cell viability was measured using CellTiter-Glo 2.0 (Promega) reagent according to
manufacturer instructions for 96 well plates. The plates were read using the Synergy HT
Multi-Detection Microplate Reader.

Relative viability measurements post CRISPR-Cas9 mediated gene KO

Cells were plated to 6-well plate and infected with lentiviruses containing CTRL (non-
targeting guide) or guides containing the gene of interest. Infected cells were selected
with media containing puromycin (1-2 ug/ml) for 4 days. At 5 days post infection,

fully selected cells were counted and plated to 96-well plates (each condition with 3-6
technical replicates). CTRL and KO cells (typically 500-1000 cells/well; depending on the
growth rate of cell-line) were plated at equal seeding density to 96-well plates with media
containing puromycin (0.5-1 ug/ml; to ensure selection pressure) for comparable baseline
CTG values across conditions. To determine relative viability, CTG measurements were
taken at two-time points. The baseline (first) time point was measured the day after cells
were plated in 96 well plates, and the second time point was typically taken five days after
baseline measurement. The fold changes in viable cells were calculated for each condition
(day 5 CTG/ baseline CTG). These fold changes were then normalized to that of the same
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cells with non-targeting control guide (CTRL) to obtain relative viability following KO of
our gene of interest (UXS1).

For double knock-out (DKO) experiments, cells were plated to 6-well plates and infected
with lentiviruses containing pLCv2 CTRL or guides targeting either UGDH/SLC35D1 and
selected with puromycin (1-2 ug/ml). Upon complete selection (5-6 days) the cells were
infected with pMD154 lentivirus containing CTRL guides or guides targeting UXS1 to
induce UXS1 KO. Cells were selected with hygromycin (500 ug/ml) for 5 days and double
KO cells were plated to 96-well plates with media containing hygromycin (typically 500—
1000 cells/well; depending on the growth rate of cell-line) in 6 technical replicates. To
determine relative viability, CTG measurements were taken at two-time points. The baseline
(first) time point was measured the day after cells were plated in 96 well plates, and

the second time point was typically taken five days after baseline measurement. The fold
changes in viable cells were calculated for each condition (day 5 CTG/ baseline CTG).
These fold changes were then normalized to that of the same cells with non-targeting control
guide (CTRL).

CRISPR resistant UXS1 molecular cloning and rescue experiment

A CRISPR-resistant version of UXS1-g1 (CR UXS1) was designed by introducing three
silent mutations: 1 mutation in the Protospacer Adjacent Motif (PAM) sequence and two
mutations in the seed sequence (GCTCCTGGCCTCCACGTCTGAAG). It was synthesized
by GenScript with the addition of Notl and HPAI restriction sites. CR UXS1 was

digested with Notl and HPAI and ligated into the expression vector pLV-EF1a-IRES-Blast.
Lentiviruses were produced as described above, containing blank pLV vector or pLV-CR
UXS1.

To confirm whether preventing targeting of UXS1 with UXS1-g1 rescues the toxic effect of
UXS1 g1, we assessed the effect of UXS1 KO in cells expressing pLV-Blank or pLV-CR
UXS1. We first transduced cells with lentivirus containing pLV-Blank or pLV-CR UXS1
and selected cells with blasticidin for six days. At seven days post first infection, we
infected pLV-Blank and pLV-CR UXS1 cells with lentivirus containing pLCV2 CTRL (or
UXS1-gl or UXS1-g2) and selected cells with puromycin for five days. 6 days post-second
infection, cells were counted and plated to 96 well plates at identical cell density (500 cells/
well). We measured baseline seeding density by performing a CTG measurement at day
seven post-second infection. Subsequently, we measured viability 12 days post the second
infection to determine relative cell growth over five days.

Cell cycle analysis

Cells were grown to sub-confluency. Cells were trypsinized, fixed in pre-chilled 70%
ethanol in PBS, and stored at —20°C overnight. The following day cells were centrifuged and
incubated with 50ug/ml of propidium iodide with 0.1 mg/ml RNAse A in PBS containing
0.05% TritonX-100 for 45 minutes. Cells were then centrifuged and resuspended in PBS and
were analyzed on a Biorad ZES5 cell analyzer where at least 10,000 events were assessed.
Data was collected with Everest software (version 2.0) and were analyzed for cell cycle
distribution using a univariate model (Watson pragmatic) in FlowJo (v10.8.1).
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Immunoblots

Cell lysates were harvested using RIPA buffer (Boston Bioproducts) with protease inhibitors
(cOmplete, Roche) and phosphatase inhibitors (Cell signaling technology). Harvested
proteins were denatured in 6x Laemmli buffer (Boston Bioproducts) and boiled at 90°C for 5
minutes. Samples were loaded at equal concentrations and analyzed by standard SDS-PAGE
western blotting techniques. Protein levels were detected using HRP-conjugated secondary
antibodies and chemiluminescent substrates (Pierce ECL or Pico PLUS), and exposed via
traditional film or Biorad ChemiDoc imaging system. We found that not boiling the samples
before gel electrophoresis was necessary to detect UXS1 protein.

Cell death rescue experiments

Cells were infected with lentiviruses containing CTRL (hon-targeting guide) or UXS1-g1
in 6 well format. Infected cells were selected with puromycin (2ug/ml) for three days.

Four days post-infection, the selected cells were plated to two separate 96 well plates in

3 technical replicate wells at seeding density ~500 cells/well. Alternately, UXS1 iKO cells
were induced with doxycycline treatment for 48 hours and 5 days after induction, cells were
plated to two separate 96 well plates in 3 technical replicate wells at seeding density ~500
cells/well. Baseline CTG measurements were taken at 24 hours after seeding from one set
of 96 well plates. Cells in other plates were either untreated or treated with Z-VAD-FMK
or Necrostatin orFerrostatin-1 at indicated concentrations. Cell viability was then measured
five days after drug treatment (day 9 post-infection/induction). Relative viability was then
determined by calculating fold change in viability (day9/baseline CTG) for UXS1-g1 and
CTRL.

Sulfated Glycosaminoglycan (sGAG) and Hyaluronic acid (HA) quantification

Ab549 cells were infected with lentiviruses (pLentiCRISPR V2-based) containing CTRL
(non-targeting guide) or UGDH-g1 and selected using puromycin (2ug/ml). 6 days after
selection these cells were infected with lentiviruses (pMD154 based) which express only
the guides (CTRL, UXS1-g1, or UXS1-g2) two induce double knock-out (as mentioned in
methods above). These cells were selected with Hygromycin (500ug/ml) for 5 days. On day
6 0.5X108 cells were plated in 6 well plate for each condition in media without phenol red.
Conditioned media (CM) were collected 48 hours after seeding the cells and cells plated in
technical replicate plates were counted for each condition for normalization. CM samples
were centrifuged at 1000xg to remove any cell debris.

For HA quantification, Supernatants were used for quantification using a Competitive-
ELISA detection method (Biomatik, catalog# EKF57990) in which HAS in our sample
competes for sites on the biotinylated detection antibody, along with the use of a standard to
verify the results. Manufacturer protocols were followed.

For sGAG quantification, Cells were digested with papain using tissue digestion kit
(AMSbio; catalog# 280560-TDK) to remove protein portion of the proteoglycans per
manufacturer protocol. The digested samples were assayed for SGAGs using sulfated
Glycosaminoglycan quantification kit (AMShio; catalog# 280560-N), that uses 1, 9-
dimethylmethylene blue (DMMB) dye that binds to sulfated glycosaminoglycans and the
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shift in absorption spectrum due to this binding can be measured at 520nm. Manufacturer
protocol was followed. Chondroitin Sulfate (Bovine Trachea) was used as a standard.

Metabolomics: UDPGA quantification by LC-MS/MS

Ab549 cells were infected with lentiviruses containing either CTRL or UGDH-g1 or UXS1
glin biological triplicates. Cells were selected with Puromycin for five days. Cells at
indicated time-points were washed thrice with ice-cold PBS and extracted on dry ice on
1ml 80% methanol containing 500nM internal standards (Metabolomics Amino Acid Mix
Standard; Cambridge Isotope Laboratories). Cell extracts were collected using a cell scraper
and transferred to a microcentrifuge tube. Samples were vortexed for 15 minutes at 4°C
and centrifuged at 18000 x g for 10 minutes at 4°C. Supernatants were transferred to a

new microcentrifuge tube and stored at —80°C until analysis. These samples were then

dry evaporated using vacuum centrifugation. Polar metabolite profiling was performed on
dried polar extracts at the Whitehead metabolite profiling core facility. It was performed

on a QExactive orbitrap mass spectrometer equipped with an ion Max source and a HESI

I probe coupled with a Dionex Ultimate 3000 HPLC system containing SeQuant® ZIC®-
pHILIC analytical column. Relative quantitation of polar metabolites, including UDPGA,
was performed with XCalibur QuanBrowser 2.2 and TraceFinder 4.1 (both Thermo Fischer
Scientific) using a 5ppm mass tolerance and referencing an in-house library of chemical
standards.

Transcriptomic analysis

A549 cells were infected in 6 well plates in biological triplicate (n=3) with lentivirus
containing pLCV2 CTRL or UXS1-g1. Cells were selected for five days, and cell pellets
were harvested seven days post-infection (timepoint was chosen such that UXS1 KO cells
do not start undergoing a significant level of cell death). Total RNA was isolated using

the Qiagen RNAeasy kit per manufacturer extraction protocol. BGI Americas Corporation
performed sample quality control, cDNA library preparation, and sequencing. The pair end
sequencing was performed on the DNBseq platform (BGI Americas Corporation) with ~20
million reads per sample. The reads were aligned and mapped to the human genome and
were normalized to the transcripts per million (TPM) for each sample.

The differentially expressed transcripts obtained through RNA-seq between control and
UXS1 KO conditions were compared to curated gene sets from online pathway databases,
publications in PubMed, and knowledge of domain experts using the GSEA tool. The results
from GSEA are evaluated based on the Normalized enrichment score (NES). Since GSEA
accounts for differences in gene set size and in correlations between gene sets and the
expression dataset, the NES can be used to compare analysis results across gene sets.

Generation of doxycycline Inducible UXS1 KO system

To generate a doxycycline-inducible CRISPR/Cas9 mediated UXS1 knockout system, we
cloned UXS1-g2 into TLCv2 plasmid?® to prepare an all-in-one inducible system. U6
promoter in this plasmid drives constitutive expression of UXS1-g2, and the addition of
doxycycline induces Cas9-2A-eGFP. A549 cells were infected with lentiviruses containing
the plasmid mentioned above, and the cells were selected with Puromycin (2 ug/ml) for five
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days. The selected cells were then diluted to 0.3 cells per 150ul for single-cell sorting and
plated in 96 well plates (150pul/well). Total twelve clones were screened for eGFP expression
and loss of UXS1 by immunoblotting, and TLCv2 “Clone 6” (referred to as UXS1 iKO)
displayed homogeneous eGFP expression along with UXS1 loss upon doxycycline induction
and was hence selected for future experiments. Similarly, H460 and HT1080 cells were
infected with the lentiviruses containing the plasmid mentioned above, and single cell clones
were isolated that displayed homogeneous eGFP expression along with UXS1 loss upon
doxycycline induction. These are referred as “‘H460 UXS1 iKO” and ‘HT1080 UXS1 iKO’
respectively.

Doxycycline treatment

Doxycycline was prepared as a 100mg/ml stock solution, and aliquots were stored at -80°C.
Cells were treated with 100ng/ml doxycycline in DMEM with 10% FBS (regular growth
media) for 48 hours. Cells were changed into fresh media after 48 hours of doxycycline
induction.

[U-13C]-glucose labeling experiments

Ab549 cells were transduced with lentivirus containing pLCv2 UGDH-g1. Cells were
completely selected with Puromycin for 5 days, were changed into fresh media and seeded
for the experiment in 10cm dishes at 70% confluency. UXS1 iKO and control iKO cells
were induced with doxycycline (100ng/ml) in separate 10cm dishes. Cells were changed
into fresh media after 48 hours. 5 days post induction, cells were seeded for the experiment
in 10cm dishes at 70% confluency. For regular media 4.5¢/ L glucose (C# G8270, Sigma)
was added in glucose-free DMEM (C# 11966025, ThermoFisher) supplemented with 10%
FBS, 1% P/S, 1mM Pyruvate. Labeling media was identical except using [U-13C] Glucose
(CLM-1396, Cambridge Isotope Laboratories) in place of glucose. 1 day after seeding, the
cells were changed into fresh regular media. 2 hours after the regular media change, the cells
were changed into labeling media containing [U-13C] Glucose and the metabolites were
isolated from the cells at indicated timepoints.

To isolate metabolites, medium was removed, cells were washed 2 times with ice cold 1X
PBS, and plates were covered in a total of 3ml of LC-MS grade 80:20 methanol:Water.
Plates were scraped on dry ice and lysates were collected into 15ml conical tubes. Lysates
were vortexed for 10 minutes at 4°C and centrifuged at 16,000 x g for 10 minutes at

4°C. Supernatants were dried down in a benchtop Vacuum Concentrator. Dried pellets were
stored at —80°C until they were run on LC-MS.

A QExactive Plus quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific)
equipped with an lon Max source and a HESI Il probe coupled to a Vanquish Horizon
UHPLC System (Thermo Fisher Scientific) was used to perform LC-MS experiments. Prior
to operation, the instrument underwent mass calibration for positive and negative ion mode
using Calmix (Thermo Fisher Scientific) every 7 days. Dried samples were re-suspended

in 200 uL of HPLC water and 2 uL of re-suspended polar metabolite samples were

injected into a SeQuant ZIC-pHILIC 5um 150 x 2.1 mm analytical column equipped with

a 2.1 x 20 mm guard column (MilliporeSigma). The column oven was held at 25°C and
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the autosampler tray was held at 4°C. Buffer A was comprised of 20 mM ammonium
carbonate, 0.1% ammonium hydroxide. Buffer B was comprised of 100% acetonitrile. The
chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0-20 min:
linear gradient from 80-20% B; 20-20.5 min: linear gradient from 20-80% B; 20.5- 28
min: hold at 80% B. The mass spectrometer was operated in full-scan, polarity switching
mode, and targeted selected ion monitoring (tSIM), negative mode, for UDP-xylose (m/z:
535.0371) and 13C5-UDP-xylose (m/z: 540.0539). The spray voltage set to 4.0 kV, the
heated capillary at 350°C, and the HESI probe at 350°C. The sheath gas flow was 10
units, the auxiliary gas flow was 2 units, and the sweep gas flow was 1 unit. MS data was
collected in a range of m/z = 55-825. The resolution was set at 70,000, the AGC target at
1x106, and the maximum injection time at 20 msec. Rate of production of UDPGA and
UDP-xylose (Fig.2 c, e and k) is quantified based on respective standard curves and depicted
in picomoles per million cells.

Immunocytochemistry

Cells were plated on poly-D-lysine (PDL) coated coverslips kept in 12-well tissue culture
plates. On day seven post lentiviral infection, the coverslips were rinsed once with PBS
and fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature. The
coverslips were then rinsed three times with PBS, and the cells were permeabilized with
0.2% TritonX-100 v/v in PBS for 15 mins at room temperature. Coverslips were washed
three times and blocked in 4% horse serum for 1 hour at room temperature. The coverslips
were incubated in the primary antibody at 4°C overnight, rinsed three times with PBS,

and then incubated with secondary antibody for 45 minutes at room temperature in the
dark along with Phalloidin-iFluor488 (Abcam). Coverslips were then washed three times
with PBS and mounted on the slides using ProLong Gold Antifade mountant containing
DAPI. Images were acquired on the Nikon Eclipse Ti2 confocal microscope. Raw images
were opened in ImageJ and processed similarly for all experimental conditions. Golgi area
measurement was carried out using ImageJ (1.53q). Identical thresholding was performed on
the golgi-stained images. Stained Golgi pixel area per cell was calculated using ‘measure’
function in imageJ.

Transmission Electron Microscopy (TEM)

Cell cultures of A549 control and UXS1 KO (day7 post infection) in plates were processed
and analyzed at the University of Massachusetts Medical School Electron Microscopy core
facility according to standard procedures. Samples were fixed by adding equal volume 2.5%
glutaraldehyde/1.6% paraformaldehyde in 0.1 M Sodium Cacodylate buffer pH 7. to the
culture plates after half the media was removed. The cell cultures were allowed to stabilize
in this solution for 10 min, then all the media/glutaraldehyde was removed and fresh 2.5%
glutaraldehyde/1.6% paraformaldehyde in the same buffer was added and the cells were
allowed to fix for 60 min. at room temperature. After this primary fixation, the cells were
rinsed three times in fresh fixation buffer for 10 min. each time and were secondarily fix
with 1.0% osmium tetroxide in ddH20 for 1hr at room temperature. The cell cultures were
then washed again three times in ddH20 and then scraped into pellets. The cells were
dehydrated through a graded series of ethanol (10% to 100%; 3 changes). Samples were
then infiltrated first with two changes of 100% Propylene Oxide and then with a 50%/50%
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propylene oxide / SPI-Pon 812 resin mixture. The following day five changes of fresh
100% SPI-Pon 812 resin were performed before the samples were polymerized at 68°C

in embedding molds. The samples were then trimmed for TEM. 70nm thin sections were
placed on gold support grids and contrasted with Lead citrate and Uranyl acetate. Sections
were examined using the CM10 with 80Kv accelerating voltage and images were captured
using a Gatan TEM CCD camera.

Subcellular Fractionation

Cells cultured in 10 cm plates were harvested at 80% confluency. Cells were trypsinized
and washed with ice cold PBS twice. 2x106 cells were resuspended in 400ul of ice

cold digitonin buffer (150mM NaCl, 50mM HEPES pH 7.4, 50ug/ml digitonin (Sigma))
containing protease inhibitors at room temperature for 10 mins. This has been shown to
disrupt plasma membrane via cholesterol interaction, while preserving organellar membrane
integrity, allowing organellar metabolite measurements324, The cells were then centrifuged
at 2000xg to pellet the cells. The supernatant was collected as the “cytosolic’ fraction.

400ul of RIPA buffer containing protease inhibitors were added to the cell pellet and was
incubated at 4°C for 10 mins to disrupt organellar membranes. This was then subjected to
centrifugation at 7000xg for 10 mins and the supernatant was collected as the ‘organellar’
fraction. 200ul of each of the ‘cytosolic’ and ‘organellar’ fraction was saved for running
immunoblots and 800ul of methanol (Millipore Sigma) was added to the rest of 200l
fractions to extract the metabolites. Metabolite samples were stored at —80°C until analysis.

Quantification of UDPGA using GC-MS

600 pl of cell extracts were dried in a vacuum evaporator (Thermo SPD111V). Dry
residues were derivatized using 50 pl of N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MilliporeSigma) and 20 pl of pyridine (MilliporeSigma) for 3 hours at 37°C and allowed
to complete at room temperature for another 5 hours. Split mode with 1:5 ratio was used

to inject 1 pl of the sample into the Agilent 5977B gas-chromatograph interfaced with an
Agilent 7890B mass selective detector. The capillary column was Agilent HP-5MS Ul (30
m x 0.25 mm internal diameter x 0.25 um film thickness). Helium was supplied as a carrier
gas at a constant flow of 1 ml/min. The oven temperature conditions were as follows: started
at 80 °C, held for 1 min, increased at 7 °C/min to 285 °C. The inlet, ion source and transfer
line were heated to 230, 280 and 250 °C, respectively. The mass detector performed 3
scans per second in the range from 30 to 500 m/z, electron impact ionization energy 70

eV. UDPGA was detected as three fragments matching the spectra and retention time of the
reference compound. Corresponding peaks eluted at 17, 24.5 and 25.8 minutes and were
quantified using ions m/z 217, 217 and 299, respectively. The most abundant among the
three correlated ions/fragments (m/z 299 at minutes 25.8) was used for quantification. Peak
integration and quantification of peak areas were done using MassHunter software (Agilent
v.10.1).

N-glycan and O-glycan profiling and composition analysis

For glycan profiling and composition analyses, protein extracts (120 ug) were lyophilized,
reduced in a 25 mM dithiothreitol solution (Sigma-Aldrich, St. Louis, MO) at 50 °C for
90 min, and then alkylated with a 65 mM iodoacetamide solution for 90 min at room
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temperature in the dark. Samples were dialyzed against 50 mM ammonium bicarbonate

for 24 hours at 4°C, lyophilized, and incubated with 1 mL of 50 pg/mL TPCK-treated
trypsin (Sigma-Aldrich) at 37°C overnight. The digested peptides were then purified using
a Sep-Pak C18 (200-mg) cartridge (Waters Corp., Milford, MA), lyophilized, and incubated
with 2 uL (500 units/uL) of PNGase-F (New England Biolabs, Ipswich, MA) in 200 uL

of 50 mM ammonium bicarbonate at 37°C for 4 hours. The mixture was further incubated
with 3 UL of PNGase-F at 37°C overnight. O-glycans were released from O-glycopeptides
by reductive p-elimination, 1 M NaOH with 50 mM NaBH, held at 50°C for 18 hours. The
released N-glycans and O-glycans were purified over a Sep-Pak C18 (200-mg) cartridge.
The flow-through and wash fraction containing the released glycans were collected, pooled,
and lyophilized.

Purified glycans were then permethylated by incubation with 1 mL of a NaOH: dimethyl
sulfoxide slurry solution and 500 pL of methyl iodide (Sigma-Aldrich) for 30 min with
vigorous shaking. One mL of chloroform and 3 mL of Milli-Q water were then added,
and the mixture was briefly vortexed to wash the chloroform fraction. The wash step was
repeated three times. The chloroform fraction was dried, dissolved in 200 mL of 50%
methanol, and loaded into a Sep-Pak C18 (200-mg) cartridge. The eluted fraction was
lyophilized and dissolved in 10 pL of 75% methanol from which 1 uL was mixed with

1 uL 2,5-dihydroxybenzoic acid (Sigma-Aldrich; 5 mg/mL in 50% acetonitrile with 0.1%
trifluoroacetic acid) and spotted on a matrix-assisted laser desorption/ionization polished
steel target plate (Bruker Daltonics, Bremen, Germany).

Mass spectrometry data were acquired on an UltraFlextreme matrix-assisted laser
desorption/ionization—time-of-flight mass spectrometer (Bruker Daltonics). Reflective,
positive mode was used, and data was recorded between m/z 500 and 6000. The mass
spectrometry glycan profiles were acquired by aggregating at least 10,000 laser shots. Mass
peaks were manually annotated and assigned to a particular N and O-glycan composition
when a match was found.

EGF stimulation of UXS1 iKO cells

UXS1 iKO and control iKO cells were induced with doxycycline (100ng/ml) in separate
wells of 6 well plates. Cells were changed into fresh media after 48 hours. 6 days post
induction, cells were serum starved overnight using DMEM media without serum. The

next day cells were stimulated with 100ng/ml of EGF, and protein lysates were harvested
5min, 10min, 15 min, and 30min after EGF stimulation. As a negative control, UXS1 and
control iKO cells were also pre-treated with 5uM Erlotinib for 30 mins and harvested 5 mins
after EGF stimulation. Harvested proteins were denatured in 6x Laemmli buffer (Boston
Bioproducts) and boiled at 90°C for 5 minutes. Samples were loaded at equal concentrations
and analyzed by standard SDS-PAGE western blotting techniques as described before in this
section.

EGFR surface quantitation

The evaluation of EGFR surface expression on UXS1 iKO cells was performed by flow
cytometry. Cells were washed with ice cold FACS buffer (10% FBS, 0.1% NaN3 in PBS).
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1x106 cells were incubated with 10ul of Human EGFR Fluorescein-conjugated Antibody
(R&D systems) in dark for 30 minutes at room temperature. Cells were then centrifuged
(300xg) and washed three times with ice-cold FACS buffer to remove any unbound antibody.
Cells were resuspended in 400ul of FACS buffer and immediately analyzed on a Biorad ZE5
cell analyzer where at least 10,000 events were assessed and plotted using FlowJo (v10.8.1).

Inducible UXS1 KO Xenograft models

The research project has been reviewed by the institutional Animal Care and Use Committee
(IACUC) at the University of Massachusetts Medical School and complied with all ethical
regulations. To establish inducible UXS1 KO xenograft models, 2.5 X 10% A549 UXS1 iKO
or H460 UXS1 iKO or HT1080 UXS1 iKO cells were injected subcutaneously into the

right flank of female athymic nude mice in a total of 100ul of PBS at six weeks of age. In
each of the three experiments, tumors were allowed to grow until the mean tumor volume

of each group was 200-250mm3(A549: 14 days, H460: 11 days, HT1080: 7 days), upon
which point mice were divided into two groups in a manner that each group had comparable
average tumor volumes, and dox induction started in one of the groups via doxycycline
chow (TD.01306) to induce Cas9 expression for UXS1 KO. There were 12 animals for every
condition except one animal was excluded from the study due to no visible tumor in A549
xenograft experiment.

The A549 xenograft experiment had total four arms. 1. Control 2. Cisplatin 3. UXS1

KO 4. UXS1 KO+ Cisplatin. The UXS1 KO arms (3 and 4) were put on Doxycycline
containing diet as described and the first two arms were continued on regular control

diet (Prolab® 5P76) upon randomization. The cisplatin arms (2 and 4) were administered
4 mg/kg cisplatin via intravenous (i.v.) tail vein injections once a week for a total of

three weeks, first injection being on same day as the dox induction (14 days). H460 and
HT1080 xenograft experiments had two arms each. Similarly, UXS1 KO arm were put on
Doxycycline containing diet (TD.01306) and the control arm were continued on regular
control diet (Prolab® 5P76).

Tumors were measured every 2—-3 days using a vernier caliper and the tumor volume was
calculated using the formula 4/3r X (length x width x depth)/2. Mice were monitored
regularly for appearance and body weight throughout the experiment. The endpoint for
survival data calculation was set to the tumor size of 2000mm? and mice were euthanized as
soon as possible upon reaching the limits as defined in our IACUC protocol. Upon reaching
the endpoint, animals were euthanized, and the tumors were isolated, and snap-frozen for
further analysis.

Processing of human breast and lung tissues for UGDH protein quantification

All human breast and lung normal and cancer tissues were obtained from de-identified
patients with informed consent from the University of Massachusetts Medical School
Biorepository and Tissue bank using procedures conducted under an Institutional
Review Board (IRB) approved protocol. All tissue samples were snap-frozen in liquid
nitrogen immediately after surgical removal and stored at —80°C. The frozen tissues
were homogenized in RIPA buffer (Boston Bioproducts) containing protease inhibitors
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(cOmplete, Roche) and phosphatase inhibitors (Cell signaling technology). Supernatants
containing proteins were collected after centrifugation at 13000 x g at 4°C for 10 minutes.
Protein samples were normalized using the Pierce BCA assay kit (Thermofisher Scientific).
Samples were analyzed by standard SDS-PAGE western blotting techniques. Protein levels
were detected using HRP-conjugated secondary antibodies and chemiluminescent substrates
(Pierce ECL or Pico PLUS).

Induction of chemo-resistance in H2170 and MDAMB231 cells

Resistant versions of the H2170 and MDAMBZ231 cell lines were derived from parental
cells by continuous exposure to increasing concentrations of the chemo-drugs. H2170
cells were exposed to (Gemcitabine, starting dose: 4nM end dose: 12uM; SN38, start
dose: 5nM end dose: 10nM; Paclitaxel, starting dose: 0.004nM end dose: 0.012nM;
Mitomycin C, starting dose: 30nM end dose: 60nM; Cisplatin starting dose: 360nM end
dose 600nM) and MDAMB231 cells were exposed to (Cisplatin, starting dose: 1.5uM
end dose: 3uM ;Paclitaxel, starting dose: 0.1nM end dose: 0.4nM). Dose-response studies
of chemotherapeutics were carried out over 72 hours to assess 1C50 values. H2170 and
MDAMB231 cells were grown in chemo-drugs for 2 and 3 months respectively. IC50
concentrations were reassessed in each cell line. CRISPR/Cas9 KO experiments using these
lines were performed in the absence of chemotherapeutics.

Patient derived Organoids

Deidentified tumor tissues of freshly resected biopsies from patients with TNBC were
obtained from UMass Cancer Center Tumor Bank. These tumors were digested using
gentleMACS Dissociator and tumor dissociation kit (Miltenyi Biotech). The digested tumors
were washed using 1x phosphate-buffered saline, and partially digested tumor pieces were
embedded into reduced growth factor basement membrane extract (BME) (R&D systems).
For passaging, the organoids were dissociated using TrypLE™ Express Enzyme (Gibco)

and cultured in organoid media. The organoid media is described here>®. The drug-resistant
organoids were derived from parental organoids by culturing them in cisplatin (starting dose
10nM, final dose 1uM) for 4 weeks.

Lentiviral infection in Organoids

The organoids were dissociated from the plate by adding TrypLE™ Express and disrupting
the BME droplets with P1000 pipette. They were incubated in TrypLE ™ Express at 37°C
for 15 mins. After dissociation cells were centrifuged at 350xg at room temperature for 5
mins and resuspended in 1ml of organoid media. After counting, equal numbers of cells
were distributed in separate eppendorf tubes and centrifuged at 300xg to collect cell pellets.
250ul of pre-titered lentiviral supernatants were added to each condition to ensure equal
transduced units/ml along with 1l of polybrene (2.5ug/ml). These cell/lentivirus mixes were
transferred to separate wells of ultra-low attachment 48 well plates (Sciencell). The cells
were spin-infected by centrifuging at 600xg at room temperature for 60 mins. The cells
were then incubated for 6 hours in cell culture incubator at 37°C. They were transferred

to eppendorf tubes and centrifuged (350xg) at room temperature for 5 mins. Supernatants
were discarded and the cells were re-suspended in BME (R&D systems). Infected organoid
cells were then seeded in BME droplets in 48 well plates. Infected cells were selected
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with Puromycin (0.5pg/ml) 24 hours after seeding into BME droplets. Cell viability was
measured seven days post infection using CellTiter-Glo® 3D (Promega) reagent according to
manufacturer instructions.

RNA interference mediated knock-down (KD) of UXS1

We obtained TRC lentiviruses for UXS1 shRNAs from Umass Chan Medical school

RNAI core. A549 cells were transduced in 6-well plates with the TRC lentiviruses for
either shGFP, shEmpty_vector or shUXS1 in the presence of 10 ug/ml polybrene with

a multiplicity of infection (MOI) less than 1. Infected cells were selected with media
containing puromycin (2 ug/ml) for 4 days. Upon complete selection, the cells were plated
to 96-well plates. To determine relative viability, CTG measurements were taken at two time
points. The baseline (first) time point was measured the day after cells were plated in 96
well plates, and the second time point was taken five days after baseline measurement. The
fold changes in viable cells were calculated for each condition (day 5 CTG/ baseline CTG).
These fold changes were then normalized to that of the same cells with shGFP to obtain
relative viability following KD of our gene of interest (UXS1).

Statistics and Reproducibility

For all experiments showing relative viability; each condition was measured in at least three
technical replicates within each experiment, and each datapoints shown (each n) is from an
independent experiment (e.g. n=3 indicates 3 independent experiments). Unless otherwise
indicated, each experiment was repeated at least three times (represented by individual
points in graphs). LC-MS metabolites quantitation, labeling experiments, transcriptomic
analysis, FACS analysis were performed in biological triplicates, and n=3 would indicate 3
biological replicates. Technical replicates are never represented as n’s. Data are presented
as mean + standard deviation. Statistics were calculated using a two-tailed Student’s t-test.
P<0.05 was considered statically significant, and data marked with statical significance

as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS: not significant (unless
otherwise mentioned). Statistics and graphs were prepared using Microsoft Excel and
Graphpad Prism.

Data are representative of at least three independent experiments in : 1f-I; 2a, f-j; 3a-e,

g-j; 49, h, k-m, o, p; Extended Data Fig. 1c, e-g, |, j; Extended Data Fig. 2b—d; Extended
Data Fig. 3a—I; Extended Data Fig.4a—d; Extended Data Fig.5a, g—j; Extended Data Fig.6a—
I, k; Extended Data Fig.7a—d; Extended Data Fig.8b—d, i—k; Extended Data Fig.9a, b,

e, f; Extended Data Fig.10a—c, e, f, h—j, |. Data are representative of two independent
experiments in: 1e; 2c, e, k; 4i; Extended Data Fig.5 b—f; Extended Data Fig.9d; Extended
Data Fig.10d, g, k. Data are representative of one independent experiment in: 3f; 4a—f, n;
Extended Data Fig.8e—h.

Bliss independence values (Fig 4n) were calculated using standard formula of Ec = Ea + Eb
- Ea x Eb. A bliss independence score that equals 1.0 indicates additive effect, greater than
1.0 indicates antagonistic effect, and less than 1.0 indicates a synergistic effect.
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Extended data Figure 1. UXS1 is required in a subset of cancer cells, and validation of CRISPR/
cas9 reagents for UXS1

(a) Ranked list of the standard deviation of CERES gene-scores of all metabolic genes
across 572 solid cancer cell lines, identifying UXS1 as one of the top enzymes having
variable dependency. (b) UXS1 gene-score across cancer cell lines using pan-cancer
dependency dataset® showing that only a subset of cancer cell lines (gene-scores below
-0.5) is dependent on UXS1 for survival. A lower gene score means that a gene is more
likely to be essential in a given cell line. A score of 0 is equivalent to a non-essential gene,
whereas a score of —1 corresponds to the median of all common essential genes. (c) UXS1
immunoblots showing KO of UXS1 in HT1080 and H838 cell lines 9 days post transduction.
(d) Schematic of UXS1 g2 and UXS1 CRISPR resistant g2 sequence, demonstrating the
strategy of using 1 silent mutation in the PAM sequence (yellow highlight) and 2 silent
mutations in the seed sequence (green highlight) to prevent CRISPR/cas9 targeting. (€)
Relative viability of DLD1 cells either overexpressing blank vector or g2-resistant UXS1
then subjected to UXS1 KO with g1 or g2, demonstrating that UXS1 KO toxicity is on
target (CTRL = 1.0) (n=3 per group). (f) Immunoblot of UXS1 levels in A549 and (g)
DLD1 cells overexpressing blank or UXS1-g2 resistant vectors when subjected to CRISPR/
Cas9 mediated KO of UXS1 (h) TLCv2 system?9; LentiCRISPR v2 was modified into

an all-in-one dox inducible system. The addition of doxycycline induces Cas9-2A-eGFP.
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The U6 promoter drives constitutive sgRNA expression. UXS1 iKO and control iKO was
prepared by cloning UXS1-g2 and CTRL (non-targeting guide) into the TLCv2 system,
respectively. (i) Relative viability of UXS1 iKO and control iKO cells with and without
doxycycline induction (control iKO without doxycycline = 1.0) (n=3 per group). Induction
consisted of 100ng/ml doxycycline treatment for 48 hours; cells were cultured for 4 more
days before measuring viability. (j) UXS1 immunoblots showing KO of UXS1 in CCD18Lu
and CCD8Lu cells, 9 days post-transduction. Data are shown as mean + s.d. except in b
where box plot shows median (centre) with interquartile range of 25% to 75%, minima and
maxima. e, i, Two-tailed unpaired Student’s t-test. P values from left to right in e: p=0.12,
p=0.002, i: p=0.663, p=5.4E-06 (n.s.: not significant, **p<0.01, ****p<0.0001). d and h was
created using Biorender (https://biorender.com/).
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Extended Figure 2. Additional data for UXSL1 loss led cell cycle defects and cell death rescue
(a) Gating strategy for cell cycle analysis. Cells were first gated by forward (FSC-A) and

side scatters (SSC-A) to remove cell debris, then by forward scatter area (FSC-A) and height
(FSC-H) to select for single cells before plotting histograms for cell cycle profiles. This
example gating strategy is shown in control iKO cells. (b) Representative cell cycle profiles
for control iKO cells and (c) UXS1 iKO cells 5 days after doxycycline induction. The cell
cycle phases were determined by fitting a univariate cell cycle model using the Watson
pragmatic algorithm (d) Relative viability of DLD1 cells subjected to UXS1 KO then treated
with z-vad, Necrostain, or Ferrostatin at the indicated concentrations (Untreated = 1.0) (n=3
per group). Data are mean shown as + s.d. d, Two-tailed unpaired Student’s t-test. P values
from left to right in d: p=0.03, p=0.002, p=0.032 (*p<0.05, **p<0.01, ***p<0.001).
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Extended data Figure 3. Supporting data that UDPGA is toxic
(a) Relative viability of DLD1 cells subjected to preemptive CTRL (gray) or UGDH

(faucet; orange) KO, followed by CTRL or UXS1 (drain) KO. Values are relative to

cells subjected to CTRL KO then CTRL KO (=1.0) (n=3 per group). (b) Immunoblot

of UXS1 and UGDH protein levels under the KO combinations shown in a. (c) GC-MS
quantification of UDPGA in cell-lines subjected to CTRL (gray) or UXS1 KO (pink) at 8
days of transduction (n=3 per group). (d) Relative viability of A549 UXS1 iKO cells grown
in media containing increasing glucose concentrations. Values are relative to uninduced
cells grown in media containing 25 mM glucose (=1.0) (n=3 per condition). () GC-MS
quantification of UDPGA (blue; left Y axis) and relative viability (red; right Y axis) of A549
cells treated with increasing concentrations of UDPGA, showing dose-dependent increase
in UDPGA and accompanying decrease in viability (n=3 per group). (f) Viability of H838
cells overexpressing either blank vector (gray) or UGDH (red) then subjected to CTRL

or UXS1 KO. Values are relative to blank vector overexpressing, CTRL KO cells (=1.0)
(n=3 per group). (g) Immunoblot of UXS1 and UGDH protein levels under the OE/KO
combinations shown in c; LE indicates low exposure, HE indicates high exposure. (h)
Relative UDPGA produced [M+6 UDPGA / (M+6 UDP-glucose/ total UDP-glucose)] in
control, UGDH KO, and UXS1 KO A549 cells (n=3 per group). (i) Labelled UDP-glucose
(M+6) in control and UXS1 KO A549 cells (<1h) (n=3 per group). (j) Unlabelled UDP-
glucose (M+0) in control and UXS1 KO A549 cells (<1h) (n=3 per group). (k) Total
UDP-glucose (M+6 + M+0) in control and UXS1 KO A549 cells (<1h) (n=3 per group). (I)
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Fractional labeling of UDP-glucose [M+6 UDP-glucose/ total UDP-glucose] of control and
UXS1 KO cells (<1h) (n=3 per group). Data are shown as mean % s.d. a, c-f, i, Two-tailed
unpaired Student’s t-test. P values from left to right in a: p=0.002, p=0.0001. p=7.9E-06,

c: p=0.52, p=0.006, p=0.013, d: p=0.0006, p=0.015, e: (UDPGA) p=0.016, p=0.035,
p=0.0001, (viability) p=0.0007, p=0.0008, p=3.14E-05 f: p=0.001, p=0.011, p=0.001 (n.s.:
not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Extended data Figure 4. Downstream proteoglycan impact of UGDH and UXS1 KO
(a) Sulfated glycosaminoglycans (SGAG) levels quantified using DMMB assay (Methods)

from UGDH KO, UXS1 KO, and UGDH-UXS1 DKO A549 cells and in (b) DLD1 cells
(n=3 per group). (c) Hyaluronic acid levels quantified via competitive ELISA (Methods)
from the conditioned media obtained from UGDH KO, UXS1 KO, and UGDH-UXS1 DKO

Ab549 cells and in (d) DLD1 cells (n=3 per group). Data are
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Two-tailed unpaired Student’s t-test. P values from left to right in a: p=0.024, p=0.019,
p=0.028, p=0.012, p=0.031, b: p=0.337, p=0.145, p=0.117, p=0.098, p=0.137, c: p=0.479,
p=0.19, p=0.015, p=0.018, p=0.027, d: p=0.492, p=0.71, p=0.004, p=0.002, p=0.004 (n.s.:
not significant ,*p<0.05, **p<0.01).
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Extended data Figure 5. Additional details of Golgi stress, altered glycosylation, and signaling/
cell cycle changes following UXS1 ablation.

(a) ARF4 immunoblots in UGDH high (UXS1 (A549) iKO and H1944) and low (HT1080)
cells, 7 days post UXS1 KO, showing that ARF4 is only induced only in UGDH high

cells following UXS1 ablation. (b) Changes in Oligomannose glycans (¢) Paucimannose
glycans (d) Sialylated glycans and (e) glycans with poly-LacNac extensions in A549 cells
subjected to CTRL or UXS1 KO (n=2 per group). (f) O-glycan profiling analysis performed
on A549 cells subjected to CTRL or UXS1 KO at 7d post-transduction (n=2 per group).

(9) Immunoblots of phospho-histone H3 and actin from A549 UXS1 iKO and control iKO
cells at indicated timepoints post doxycycline induction. Nocodazole-treated cells are used
as a positive control for enrichment for cells in M phase. (h) Dot plot of total Golgi area
per cell, from A549 UXS1 iKO cells induced via doxycycline, then labeled using GM130
at indicated days post-induction. No serum (orange) cells were serum starved for 12 hours
before labeling, which results in GO cell cycle arrest and synchronization. p values from left
to right are p=0.48, p=0.21, p=0.15, p=0.044. (i) GSEA enrichment plot showing that EGFR
signaling and Cell Cycle genesets are highly depleted in UXS1 KO A549 cells compared

to CTRL KO (n=50 cells per group). (j) Same findings in another UXS1 sensitive cell line
(H460). Cell Cycle genes are the most depleted geneset for ‘C2; canonical pathways’ (as
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shown in Figure 3A), while EGFR Signaling genes are the most depleted geneset for the
‘C2; chemical and genetic perturbations’ ontology scheme. Data are shown as mean + s.d.
except in h where box plot shows median (centre) with interquartile range of 25% to 75%,
minima and maxima. h, Two-tailed unpaired Student’s t-test. (n.s.: not significant, *p<0.05).
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Extended Data Figure 6. Additional details of golgi and ER morphology, and EGFR localization
after UXS1 ablation.

(a) Immunofluorescent images of UXS1 iKO or control iKO cells, 7 days post doxycycline
induction, immunostained with Giantin (medial-golgi, green), (c) TGN46 (trans-golgi,
green), or (e) Calnexin (ER, red); scale bar=20 pm. (b) Dot plot of total golgi area per

cell from uninduced and induced UXS1 iKO cells at 7 days postinduction, as labeled

with Giantin, (d) TGN-46, or (f) Calnexin (n=50 cells for each group). (g) Immunoblot

for ER stress markers IRE1a, CHOP, and BiP in A549 and DLD1 UXS1 KO cells 7

days post transduction. Tunicamycin treated cells are positive control for ER stress. (h)
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Dot plot of total golgi area per cell, labeled using GM130, from control, UXS1 KO,

and UGDH-UXS1 DKO (A549) cells, 7 days post UXS1 transduction; n=50 cells per
group. (i) Quantification of relative actin-normalized EGFR expression (immunoblots from
3 independent experiments) in induced compared to uninduced UXS1 iKO A549 cells,

5d postinduction. In each experiment, the uninduced EGFR = 1.0. (j) Gating strategy for
EGFR cell surface quantitation analysis. Cells were first gated by forward (FSC-A) and side
scatters (SSC-A) to remove cell debris, then by forward scatter area (FSC-A) and height
(FSC-H) to select for single cells before plotting histograms for FITC channel. Example
gating strategy is shown for UXS1 iKO cells. (k) Quantitation of cell surface EGFR labeling
via 3 independent flow cytometry experiments. Data are shown as mean * s.d. except in

b, d, f, h where box plot shows median (centre) with interquartile range of 25% to 75%,
minima and maxima. b, d, f, h, i, k, Two-tailed unpaired Student’s t-test. P values from left
to right in b: p=3.59E-10 in d: p=2.94E-10 in f: p=0.95 in h: p= 1.96E-09, p=0.285 in i:
p=0.011 in k: p=0.001 (n.s.: not significant, *p<0.05, ***p<0.001, ****p<0.0001).
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Extended Data Figure 7. UDPGA accumulation occurs in cytosol and overexpression of
SLC35D1 does not impact toxicity of UXS1 KO

(a) Viability of A549 and DLDL1 cells overexpressing either blank vector (gray) or SLC35D1
(dark green) then subjected to CTRL or UXS1 KO. Values are relative to blank vector
overexpressing, CTRL KO cells (=1.0) (n=3 per group). (b) Immunoblot of UXS1 and
SLC35D1 protein levels under the OE/KO combinations shown in a. (¢) GC-MS UDPGA
quantitation of cytoplasmic and organellar fractions of either induced or uninduced A549
UXS1 iKO cells (n=3 per group). (d) Immunoblots of proteins located in nucleus (PARP1),
ER (Calnexin), Golgi (GM130), mitochondria (NDUFS3), and cytoplasm (PSPH and
tubulin) in cytosolic and organellar fractions. Cytochrome c is used as a control for
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intact organelles (mitochondria). Data are shown as mean * s.d. a, ¢, Two-tailed unpaired
Student’s t-test. P values: from left to right in a: p=0.391, p=0.379, p=0.792, p=0.106 in c:
p=0.018, p=0.002 (n.s.: not significant, *p<0.05, **p<0.01).
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Extended Data Figure 8. Additional in-vivo data
(a) Schematic of in-vivo xenograft experiments shown in Figs.4 a—f, p. A549/H460/HT1080

UXS1 iKO cells were injected subcutaneously into 6 weeks old nude female mice and
allowed for tumors to establish. Once the mean tumor was 200-250mms3, the mice were
divided into groups for control (uninduced) and dox chow induction of UXS1 KO. A549
xenograft experiment had additional cisplatin arms. The animals were euthanized when
tumor volume reached 2000mm3. (b) Immunoblots for UXS1 and actin of H460 and
HT1080 UXS1 iKO cells in culture with and without doxycycline induction. (c) Relative
viability of H460 UXS1 iKO and HT1080 UXS1 iKO cells with and without doxycycline
induction (without doxycycline = 1.0). Induction consisted of 200ng/ml doxycycline
treatment for 48 hours; cells were cultured for 4 more days before measuring viability.
(d) Immunoblot for UXS1 and actin in six individual tumors each from the control and
UXS1 iKO group of HT1080 UXS1 iKO xenograft experiment. (¢) Weight of mice in
grams from xenograft experiments of A549, (f) H460, and (g) HT1080 from control and
UXS1 iKO arms of the experiment. (h) LC-MS Quantification of UDPGA from endpoint
tumors from another A549 iKO cohort where tumors were allowed to form for 17 days,
induced for KO, then euthanized at 19 days postinduction (p=0.003). (i) Immunoblot for
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ARF4 and actin from four individual tumors in panel h. (j) Immunoblot for UGDH and
actin from organs harvested from control and cisplatin-treated mice (representative pair
shown) treated with the same regimen of cisplatin as in Figure 4n (4mg/kg iv 1x weekly, 3
weeks). (k) Quantitation of relative, actin normalized UGDH band intensities from control
and cisplatin-treated mice (n=4 each) with the same regimen. Values are relative to cisplatin-
treated kidney in each mouse set at 1.0. Data are shown as mean + s.d. ¢, h, k, Two-tailed
unpaired Student’s t-test. P values from left to right in ¢: p=1.34E-08, p=0.44 h: p=0.003 in
k: p=0.966, p=0.978, p=0.478, p=0.471. (n.s.: not significant, **p<0.01, ****p<0.0001). a
was created using Biorender (https://biorender.com/).
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Extended data Figure 9. UGDH is elevated in cancer subsets
(a) Immunablots for UGDH and actin from 11 breast cancer patient tissue samples and

8 normal breast tissues; cancer tissues are labeled in red and normal tissues are labeled
in blue. Numbers indicate deidentified patient code, and tumors and normals sharing the

Nature. Author manuscript; available in PMC 2024 May 01.


https://biorender.com/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doshi et al.

Page 29

same number are adjacent samples from the same patient. (b) Quantification of relative,
actin normalized UGDH band intensities from panel a (p=0.023). (c) Expression profiles of
UGDH in 10 types of normal and tumor tissues. The plot is obtained from GEPIA2%0, a
web gene expression profiling tool that plots normalized mMRNA-seq data from patient tumor
tissues and normal tissues obtained from TCGA and GTEx. All tumor types shown have
over 2-fold UGDH expression in tumors than normal tissues (q value <0.01). g values have
been determined by two-way ANOVA and adjusted for false discovery rate. The dotted line
indicates mean UGDH TPM of liver normal samples, highest among other normal organs.
(d) Top dot plot showing viability following UXS1 KO (y axis) and bottom dot plot showing
corresponding UGDH protein expression level (y axis) for 19 cancer and 9 normal cell lines
of varying lineage (x axis). Cancer lines are divided between High (red) and Low(gray)
UGDH expressing lines based on arbitrary cut-off 1.25 units; normal lines are labeled as
blue dots. (¢) Immunoblots of UGDH and actin for cancer cell lines and normal cells
(non-transformed primary or immortalized cells) shown in Figure 4h and panel d; UXS1 KO
sensitive cell lines are labeled in red and insensitive lines are labeled in gray and normal
lines are labeled in blue. (f) Immunoblots for UGDH and actin from 6 normal liver, 6 normal
kidney and, 5 normal colon patient tissue samples compared with 2 representative (UGDH
high) lung cancer patient samples; cancer tissues are labeled in red and normal tissues are
labeled in blue. Data shown in b is shown as mean + s.d. b, Two-tailed unpaired Student’s
t-test.
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Extended Data Figure 10. Additional chemo-resistance data and RNA interference data for
UXSL.

(a) Viability of parental (chemo-sensitive) and chemo-resistant Patient-derived organoid
(PDO) TPN-02 subjected to varying doses of cisplatin. (n=3 per group). (b) Immunoblot for
UGDH and actin from parental and chemo-resistant PDO TPN-02. (c) Relative viabilities
of parental and cisplatin-resistant TPN-02 subjected to UXS1 KO, indicating that cisplatin-
resistant organoids are more sensitive to UXS1 loss. Values are relative to parental cells
CTRL-KO (=1.0) (n=3 per group). (d) Sigmoidal drug response curves for MDAMB231
parental (gray) and cisplatin-resistant (violet) cells in response to cisplatin treatment and
MDAMB231 parental (gray) and paclitaxel-resistant (orange) counterparts in response to
paclitaxel (n=3 per group). (¢) Immunoblot for UGDH and actin from MDAMB231 parental
and drug-resistant counterparts. (f) Relative viabilities of MDAMB231 cisplatin (violet) and
paclitaxel (orange) resistant clones subjected to UXS1 KO, indicating that MDAMB231
resistant clones are more sensitive to UXS1 loss. Values are relative to CTRL-KO for
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each clone (=1.0) (n=3 per group). (g) Sigmoidal drug response curves for H2170 parental
(gray) and cisplatin-resistant (violet) cells in response to Cisplatin treatment and H2170
parental (gray) and paclitaxel-resistant (orange) cells in response to paclitaxel (n=3 per
group). (h) Immunoblot for UGDH and actin from H2170 parental and drug-resistant
clones. (i) Relative viabilities of H2170 cisplatin (violet) and paclitaxel (orange) resistant
clones subjected to UXS1 KO, indicating that H2170 resistant clones are more sensitive

to UXS1 loss. Values are relative to CTRL-KO for each clone (=1.0) (n=3 per group). (j)
Immunoblots for glycoproteins FGFR1, FGFR4, CD44 and UXS1 in A549 cells subjected
to RNAI. UXS1 blots indicate that shUXS1-2 and shUXS1-3, but not shUXS1-1, result in
effective knockdown of UXS1, # denotes that shUXS1-1 is a poor performing shRNA. (k)
Relative viabilities of A549 cells subjected to RNA interference (RNAi) mediated knock-
down of UXS1, showing that the two guides which effectively knock down UXS1 result

in toxicity (n=2 per group). (1) Dot plot of total golgi area per cell, labeled using GM130,
from A549 cells subjected to shGFP or shUXS1-2, 7 days post-transduction; n=50 cells per
group. Data are shown as mean = s.d. except in | where box plot shows median (centre) with
interquartile range of 25% to 75%, minima and maxima. a, c, f, i, I, Two-tailed unpaired
Student’s t-test. P values from left to right in a p=0.005, p=0.007, p=4.12E-05 in ¢ p=0.006,
p=1.13E-05 f p=0.002, p=6.07E-05, p=2.47E-05, p=0.021 in i p=0.006, p=0.019, p=2.4E-5,
p=0.021 in | p=4.8E-20. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 1. Identification of UXS1 as an enzyme that is essential for cell survival in a manner that
correlates with each cell line’s expression of the upstream enzyme UGDH.

(a) Strategy for identification of toxic metabolite clearing enzymes by finding scenarios
where E2 is only essential in cells where E1 is highly expressed, suggesting that E2

is needed to get rid of E1’s product. (b) Correlation between mRNA expression of all

genes (17386) with UXS1 dependency across 572 solid tumor cancer cell lines (Methods),
showing UGDH as the top hit. (c) Correlation between UXS1 dependency and UGDH
MRNA expression [loga(transcripts per million+1)] (Methods) in all 572 cell lines, spearman
coefficient =—0.41, R? = 0.17. The 122 lung cancer cell lines (red) show spearman
coefficient = —0.61, R? = 0.37. (d) Simplified diagram illustrating the metabolic pathway
for UDPGA production. (e) Relative viability of various cell lines following lentiviral
transduction with CRISPR/Cas9 with guides against UXS1 (light and dark blue bars) or
CTRL (gray bars = 1.0) for 10 days (left Y axis). Cells are arranged in decreasing order

of UGDH mRNA expression levels [logy(transcripts per million+1), overlaid as red line

and dots; right Y axis]. (f) Immunoblots of UXS1 in A549 and DLD1 cell lines 9 days
post-transduction. (g) Relative viability of A549 cells either overexpressing blank vector or
g2-resistant UXS1 then subjected to UXS1 KO with g1 or g2 (n=3 per group) (CTRL = 1.0).
(h) Cell cycle distribution in dox-inducible UXS1 iKO A549 cells, with (n=3) or without
(n=3) induction for 5 days. (i) Relative viability of UXS1 iKO cells subjected to KO then
treated with z-vad, Necrostain, or Ferrostatin at the indicated concentrations (n=3 per group)
(Untreated = 1.0). Data are shown as mean + s.d. Two-tailed unpaired Student’s t-test (g,

i). P values from left to right in g: p=0.227, p=0.0001, i: p=0.011, p=0.001, p=0.003 (n.s.
not significant (p>0.05) **p<0.01, ****p<0.0001). a and d were created using Biorender
(https://biorender.com/).
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Figure 2. UXS1 is required to detoxify the UDP-glucuronic acid produced by UGDH.
(a) LC-MS quantification of UDP sugars in A549 cells subjected to CTRL or UXS1

KO at 6 and 8 days of transduction (n=3 per group). UDP-hexose includes UDP-glucose/
mannose/galactose, which cannot be resolved due to similar MS?2 spectra. (b) Schematic of
U-13C glucose labeling to trace UDPGA and UDP-xylose labeling. (c) M+5 UDP-xylose
production in A549 cells (n=3 per group). (d) Toxic-metabolite accumulation model: cancer
cells expressing high UGDH have toxic accumulation of UDPGA when UXS1 (drain) is
removed. Preemptive UGDH KO should prevent UDPGA accumulation and UXS1 KO
toxicity. (e) M+6 UDPGA production in A549 cells. (f) Viability following preemptive
CTRL (gray) or UGDH (faucet; orange) KO, followed by CTRL or UXS1 (drain) KO,
relative to cells subjected to CTRL KO then CTRL KO (=1.0) (n=3 per group). (g)
Immunoblots from the KO combinations shown in c. (h) Viability of A549 and DLD1
cells with CTRL KO (gray) and UXS1 KO (orange), treated with 4MU (48 hours), relative
to vehicle treated CTRL KO cells (=1.0) (n=3 per group). (i) Viability of HT1080 cells
overexpressing blank vector (gray) or UGDH (red) then subjected to CTRL or UXS1

KO, relative to blank vector overexpressing, CTRL KO cells (=1.0) (n=3 per group). (j)
Immunoblots from the OE/KO combinations shown in g; LE: low exposure, HE: high
exposure. (k) M+6 UDPGA production in A549 cells (n=3 per group). Dotted purple line
indicates UDPGA labeling in UXS1 KO cells, minus normal UDP-xylose production rate
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calculated from panel c, representing UDPGA production not accounted for by loss of
clearance via UXSL. (I) Refined model depicting the negative feedback loop between UDP-
xylose and UGDH. Data from c, e, and k are from the same experimental sets. Data are
mean + s.d. Two-tailed unpaired Student’s t-test (a, f, h, i). b was created using Biorender
(https://biorender.com/).
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Figure 3. UDPGA accumulation causes golgi dysfunction that leads to EGFR inactivation.
(a) Bubble plot showing differentially expressed pathways between CTRL vs UXS1 KO

Ab549 cells, identified by GSEA pathway analysis of RNAseq data. (b) Immunofluorescent
images of UXS1 iKO or control iKO A549 cells, 7 days post-induction, stained for
Phalloidin (actin, green), GM130 (Golgi, red), and DAPI (nucleus, blue); scale bar=20um.
(c) Representative transmission electron microscope images of A549 control and (d) UXS1
KO cells. The colored boxes in the whole cell images indicate where golgi structures

are found, with accompanying zoomed images (corresponding colored outline). Scale bar:
Whole cell images=5um, zoomed images=0.2um. (€) Dot plot of total Golgi area per cell,
labeled using GM130, from control, induced, and induced + 4MU (15 pM) UXS1 iKO
cells, 7 days post-induction, n=50 cells per condition. Box plot indicates median (centre
line) with interquartile range of 25% to 75%. ****p=2.76E-9 (unpaired Student’s t-test).
(f) Representative mass spectrometry N-glycan profiles of A549 cells subjected to CTRL
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or UXS1 KO, at 7 post-transduction, with annotated mass peaks. Values are relative to the
total N glycans detected. (g) Immunablots for various surface glycoproteins in uninduced,
induced, or induced plus 4MU UXSL1 iKO cells. + indicates 15uM and ++ indicates 80uM
4MU. (h) Immunofluorescent images of uninduced or induced UXS1 iKO cells, stained for
EGFR (green) and DAPI (blue). Scale bar = 40um. (i) FACS-based fluorescence histogram
of induced and non-induced UXS1 iKO cells labeled with FITC conjugated EGFR antibody.
(1) I'mmunobloting of EGFR and downstream signaling components from induced UXS1
iKO cells or induced CTRL iKO cells, following serum starvation then EGF stimulation.
pAkt = phospho (S473) Akt; pERK1/2 = phospho ERK1/2(T202/Y204); pS6-kinase =
phospho-S6 kinase(T389) phosphoantibodies. EGFR blotting was run on 4-15% gradient
gel to show maximal shift of the protein.

Nature. Author manuscript; available in PMC 2024 May 01.



1duosnuey Joyiny

1duosnuely Joyiny

Doshi et al.

Page 40
a ) b c g
4349 (UGDH iaf) HA460 (UGDH high) HI4020(UGDH low) Matched normal Cancer tissues
& Control e~ UXS1iKO & = Control -e- UXS1iKO = Control -e- UXS1iKO
Enoo E 3500 ontro ! £ 2500 ontrol ! -
2
i St A S . ;
(9] / o .S.
§ 800 / o003 E 1360 +/‘P £ 1500 -
© 600 = S % wx[33E-8 = 1000 7 Actin ‘-- -————— — -—l—
> v > 9 43
S 400 N .7// 5 400 /%021 — 500 z z z = . s
£ ;/a/ e («a,kg.om S 400 = s S
S 200 E 200 e W 1 . 3 g 8
= 2 + S 200
0 0 oo UGDH| - e
10 15 20 25 30

Days post injection

1 13 15 17 19
Days post injection

5 7 9 11131517
Days post injection

1duosnuepy Joyiny

1duosnue Joyiny

d A549 (UGDH high) e H460 (UGDH high) f HT1080 (UGDH low) h
= Control UXS1iKO _ _ Control UXS1iKO Control UXS1iKO 0-993
2 " omsasd ™ wms.72d [ M.S. 19d M.S. 69d M.S.16d " M.S. 15d < 150
2100 "S100 = i s
a100 W g ‘ g 100 ] S 100
= [
4= 75 | 1 N 754 = 754 I 2 O 50 /
[S] 1 5 3 2 a
‘ 15} 7] = 20
2 b \ > — © x
= 50 . 2 50 5 504 o
3 =
S2s H B 25 ) « 5 <
6% Lo £ 3 g
o _|p=0.0002 | £ o p=4.58E-05 3 o Jp=0578 2
A 1 2 i
0 20 40 60 80 0 20 40 60 80 s 0 5 10 15 20 & &
Days post injection Days post injection Days post injection e°“ o"’c
i Cancer inss (High UGDH) j k TPN-01 |
@ Cancer lines (Hi P .
® Cancer lines (Lo?lv UGDH) bonIsonl<001 doxorubicin, B Parental [ Cisplatin resistant
! corf>0.
1.5 = Normal lines 50| * both dedltabine .y ytrating 125 0847 0006 35E-6
E TD\ etoposide “topotecar > ns o *hk 1;;),::
g 10 (—i pachtaxel\ (emeoslde %
20 e K ®© - =
c>) s_ gemcitabine = £ 8
S o g2
— S 2 g8
05 D 10 2
2 2 3 ueoH s
> g 102 ¢« " e .
i B S A.‘ . ActlnE
0.0 01 T "l T T T T T T °
02 0.1 0.0 0.1 0.2 0.3 0.4 0.5 Control  1uM ~ 2.5uM  5uM
log(UGDH Protein Expression) Pearson Correlation Cisplatin
m TPN-01 n o p 5
[ Parental @ Cisplatin resistant v~ Control ~e~ UXS1KO —&- Cisplatin 02 8
125 0.0008 0.006 UXS1 KO+ Cisplatin 6 0.002
> *xk *x E R
S 1.00 Control Cisplatin UX_S1 'K_O+ O c PICIY
o Cisplatin = I
> 075 - 8
g o
F 050 UGDHLE[__—-—————----—I—ss E %2
[}
025 Actn [ eSS S s
0.00 0 0
10 15 20 25 30 RIS o
Days post injection S F Fe
(e N &
SF (};}2

Figure 4. UXS1 is a cancer-selective therapeutic target due to elevated UGDH expression in
cancer subsets and chemo-resistant cancer cells.

(a) Mean volumes (xs.e.m.) of A549, (b) H460, and (c) HT1080 subcutaneous xenograft
tumors, UXS1 iKO induced when mean tumor volume reached 200-250mm3 (red, n=12
per line except n=11 for A549) or left uninduced (gray, n=12 per line) (Methods). (d-f)
Kaplan-Meier survival analysis for the groups shown in a-c (M.S. = median survival). (g)
Immunoblots from patient lung cancer tissues (n=11, red) and patient-matched normal lung
tissues (n=11, blue). (h) Actin normalized quantification of UGDH from g (n=11 per group).
(i) Scatter plot of viability following UXS1 KO against UGDH protein expression level for
19 cancer and 9 normal cell lines (Supplementary file). UGDH immunoblots are shown in
Extended data Fig. 6¢. Linear regression line is shown for all cancer lines. (j) Volcano plot
showing spearman correlation between UGDH expression and drug sensitivity AUC (546
drugs), mined from CCLE gene expression database’ and PRISM database?8. (k) Viability
of parental (n=3) and cisplatin-resistant version (Methods) (n=3) of PDO line TPN-01
following cisplatin treatment (4 weeks), relative to untreated (=1.0). (I) Immunoblots from
parental and chemo-resistant TPN-01. (m) Viability of parental (n=3) and cisplatin-resistant
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(n=3) TPN-01 subjected to UXS1 KO (7 days), relative to parental CTRL-KO (=1.0).

(n) Mean volumes (zs.e.m.) from experiment a, showing additional cisplatin treated (3x,
black arrows; Methods) arms. Bliss independence scores (Methods; <1 indicates synergism)
for UXS1+cisplatin arm; b1=0.66, b2=0.47, b3=0.57. (0) Immunoblot from four randomly
selected tumors from each indicated A549 group. (p) Actin normalized quantification of
UGDH (n=4 per group) from o showing mean (zs.d.). a-c, k, m, n, p, Two-tailed unpaired
Student’s t-test. *r and **r denotes significant regression compared to starting tumor
volume. h, Wilcoxon matched-pairs signed rank test. d-f, Mantel-Cox test for survival.
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